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SUMMARY
The responsiveness of slowly adapting type I (s.a.I)
cutaneous mechanoreceptors and compliance of the skin of
rats during the following physiological and
pathophysiological conditions were investigated in the
present study:
1) aging from young to adult;
2) vitamin A deficiency;
3) chronic systemic application of neomycin;
4) hypothyroidism induced by an antithyroid drug
methimazole.
Animals were anaesthetized with urethane (20% wv,
6 mlkg,i.p.). Single unit recordings were made from
afferent nerve fibres supplying the s.a.I receptors in
the gluteal region. Trains of thirty repetitive
mechanical stimuli of 2.0 or 2.2 s duration and a cycle
length of 2.7 s were applied. A feedback mechanism
maintained the force of stimulation at a constant level
of usually 20 mN during the plateau phases and the
contact force between stimuli at 0.5 mN.
During aging all the displacement values in the adult
rats (9-11 months old) were consistently reduced to 62%
of the respective values of the young rats (3-4 months
old), indicating a linear decrease in skin compliance in
the force range of 0.5-20 mN. The nervous responses to
individual stimuli decreased from about 200 impulses for
stimulus no. 1 to about 60 impulses for stimulus number
30. Significant differences in the number of impulses
between young and adult rats were observed from stimulus
no. 9 to 13, no. 15 and 16 only. The design of the s.a.I
receptors allows to maintain high tactile sensitivity in
response to constant force stimuli irrespective of age
induced changes in force transmission properties of the
skin and underlying tissue.
During vitamin A deficiency, all displacements values
were significantly larger than the corresponding
controls. Residual indentations were increased from 70 to
100% while the maximal indentations were only about 40%
higher. In contrast to the age-related changes, these
results indicate a non-linear increase in compliance of
the skin and underlying tissue. The responsiveness of the
s.a.I receptors was significantly reduced in vitamin A
deficient rats and about 25% lower than in the controls
throughout the train of stimuli. Since the Merkel cells
and adjoining nerve terminals have been found to show
signs of degeneration in mitochondria during vitamin A
deficiency, such changes which could affect cellular
respiration appear to be a major cause of the reduced
responsiveness of s.a.I receptors.
After chronic injection of neomycin, the maximal
indentations were all significantly smaller than the
controls but no change was found in the residual
indentation values. This indicated a non-linear increase
in compliance of the skin. Except the first 4 stimuli,
there were significant reductions in responsiveness of
s.a.I receptors in neomycin treated rats in response to
the remaining 26 stimuli of a train. Ultrastructural
findings indicated that the mitochondria in the Merkel
cells were affected after chronic neomycin treatment. The
observed decrease in compliance of the skin was unlikely
to reduce the responsiveness of s.a.I receptors.
Impairment of the receptor itself could best explain the
findings.
During hypothyroidism, all displacement values were
significantly smaller than the corresponding controls
indicating a linear decrease in compliance of the skin.
The responsiveness of s.a.I receptors was also
significantly reduced except during stimulus no. 2 and 3.
The decrease in compliance of the skin could not explain
these results. A direct effect on the transducer
mechanism appears to be involved.
In the present study, decreased responsiveness of s.a.I
receptors was observed coinciding with significant
reductions as well as increases in compliance of skin and
underlying tissue. Thus, impaired function of the s.a.I
receptors appeared to be involved under the conditions
investigated.
INTRODUCTION
Merkel cells in mammals are an integral component of the
slowly adapting type I (s.a.I) cutaneous
mechanoreceptorso They can be found in hairy and
glabrous skin„ Merkel was the first investigator who
observed this type of cell( Tastzellen) in 1875.
During the last 25 years, the structure and functions of
the Merkel cells have been studied extensively with
electrophysiological and histological techniques. An
electronmicroscopic study on Merkel cells was first
published by Cauna in 1962. In 1963 Iggo and Muir
reported the structure and function of Merkel cell-
neurite complexes in touch domes or s.a.I receptors of
hairy skin of cats. Their appearance in glabrous skin of
oppossum snout was first described by Munger (1965). In
addition, Iggo and Muir (1963) used electrophysiological
techniques to record single unit from afferent nerve
fibres supplying the touch spots. They demonstrated a
functional-morphological relationship between the Merkel
cell-neurite complexes and the activity recorded from the
afferent nerve fibres. Their results were confirmed by
Tapper in 1964.
Adrian and Zotterman (1926) have recorded slowly adapting
responses from the mechanosensitive spots but did not
attempt to correlate these to structural aspects. In
1969 a complete report on the structure of Merkel cell-
neurite complexes and their function was published by
Iggo and Muir in their study on slowly adapting type I
cutaneous mechanoreceptors.
Until now the functional role cf the Merkel cell-neurite
complexes is still controversial. Some investigators
have suggested that it is a secondary receptor responding
to mechanical deformation or stimulation by the secretion
of a chemical transmitter (Munger, 1965; Iggo and Muir,
1969; Horch, Whitehorn and Burgess, 1974; Hartschuh and
Weihe, 1980). Others suggested the Merkel cell-neurite
complexes are abutments making mechanical stimuli
effective in deforming the mechnosensitive nerve endings
(Gottschaldt and Vahle-Hinz, 1981; Smith, 1977).
In the present study, the structural and functional
properties of the Merkel cell-neurite complexes were
investigated with reference to trophic disorders of the
skin (e.g. during vitamin A deficiency). The
responsiveness of a mechanoreceptor is a function of a)
the mechanical properties of the tissue surrounding the
receptors (Lindblom, 1965; Hamann,1980; Pubols,1982) as
well as b) the state of the transducer structure itself.
Trophic disorders of the skin are not uncommon. It is of
interest to investigate whether the sensory functions of
the skin are affected. The influence of the following
physiological and pathophysiological conditions on the
function of s.a.I cutaneous mechanoreceptors was
examined:
1. aging from young to adult;
2. Vitamin A deficiency;
3. Chronic systemic application of neomycin;
4. Hypothyroidism induced by an antithyroid drug
Methimazole.
During aging, the increase in cross-links in collagen
fibres changes the mechanical properties of skin (see
review by Daly and Orland, 1979).
Vitamin A is a substance required for normal
differentiation of epithelial tissues (Wolf, 1984). Its
deficiency causes atrophy of the epidermis and its
appendages (Wollbach, 1954). Due to the location of s.a.I
receptors at the epidermo-dermal border any changes in
the skin, i.e. the force transmission properties of skin
are likely to affect the responsiveness of these
receptors. As early as 1938, Mellanby found that vitamin
A deficiency produced deafness with serious degeneration
of the sensory epithelium of organ of Corti. Nockels and
Philips (1971 a,b) reported thyroid hypertrophy and
decreased serum thyroxine in vitamin A deficiency in
chicks. Hypothyroidism as an early sign of vitamin A
deficiency in chicks has also been reported (Nockels,
Ewing, Phetteplace, Ritacco and Mero, 1984).
The chronic neomycin applications was attempted because
postulation of morphological similarities between the
hair cells of the acoustico-lateralis system and Merkel
cells (Andres, 1966; Flock and CheUna, 1977; Iggo and
Findlater, 1984). Aminoglycosides cause degeneration of
hair cells in the lateral line organ in lower vertebrates
and hair cells in the cochlea of mammals (see review by
Katsuki, 1982). Hypothyroidism induced degeneration of
hair cells in the organ of Corti (Ritter and Lawrence,
1960; Kohonen, Jauhianen, Liewehdahl, Tarkkanen and
Kaimo, 1971; Middleworth and Norris, 1980).
For the reasons mentioned above, there are certain
relationship between vitamin A deficiency, chronic
neomycin treatment, hypothyroidism and age. Responses of
the s.a.I receptors during mechanical stimulation were
recorded from afferent nerve fibres supplying the s.a.I
receptors. Changes in compliance during the constant
force mechanical stimulation were observed with or




1) STRUCTURE AND FUNCTION OF MERKEL CELL-NEURITE COMPLEXES:
a) MORPHOLOGY
The Merkel cells and merkel discs (Merkel, 1875) form a
characteristic unit in the mammalian epidermis and are
present in both glabrous and hairy skin (Iggof 1974; Iggo
and Andres, 1982). The myelinated afferent fibre
branches extensively in the dermis within 500 um of the
epidermal location of the Merkel cells. The branches
lose their myelin sheaths before they penetrate the
basement membrane of the epidermis to form the typical
flattened nerve plate (Merkel disc) lying along the
dermal side of the Merkel cell (Fig. A). The nerve
terminals and their preterminal parts therefore lack a
myelin sheath, although the parent or stem axon is
myelinated. Average values for the stem axon diameter
calculated from conduction velocity measurements are 9.7
+_ 0.16 um (MeanjSE) in the cat and 7.9_+ 0.3 um (Mean-HSE)
in the rabbit (Brown Iggo, 1967) for Merkel cells in
hairy skin.
Merkel was the first investigator who reported the
specialized epidermal cells Tastzellen and the complex
'Tastkoerperchen'. He believed that the complex could
convert mechanical stimuli applied to skin to neural
activity in the adjacent nerve endings in the skin of••
several animal species which he investigated in 1875.
But his views did not receive universal support until the
1950's. In 1955 Weddell, Palmer and Pallie suggested that
Merkel cells were in fact the same as dendritic cells
described by Billingham (1949) and that Merkel's discs
were artefacts of histological methods used by earlier
workers. The Merkel cells and the associated nerve
terminals were first described electron microscopically
by Cauna (1962) and then in 1963 by Iggo and Muir in
Merkel cell-neurite complexes in the touch domes or s.a.I
mechanoreceptors of hairy skin. Their appearance in the
glabrous skin of the oppossum snout (Munger, 1965) and in
outer root sheath of sinus hair follicles (Andres, 1966;
Patrizi and Munger, 1966) were then reported. The
terminal is an expanded and flattened disc (about 7 urn in
diameter and 1 urn thick) and contains numerous
mitochondria which occupy 50% of the terminals (Fig. A).
Small clear vesicles may also be present. The nerve
plates may be borne on a single terminal branch or they
may be in tandem, the nerve forming an extension beyond
one disc to form a further disc. When this happens the
discs are close to each other (Iggo and Muir, 1969; Iggo
and Andres, 1982).
The Merkel disc is invariably associated with a Merkel
cell, a unique structure found only in the epidermis in
Figo A. A diagram of the structure of a Merkel touch spot (touch
corpuscle or s.a.I receptor) as seen in light microscope sections.
A, single myelinated axon; AA, nonmyelinated axons (accessory fibre
of Timofeef); E, thickened epidermis; FF and CF, fine and coarse
bundles of collagen fibres; I, extensive indentations of the dermis
by the epidermis at the periphery of the corpuscle; T, tactile cell
and its associated nerve plate or disc; C, capillary. From Iggo and
Muir (1969).
adult mammals (Winkelmann and Breathnach, 1973). Its
characteristic features are: a polylobulated nucleus
which fills the greater part of the Merkel cell;
spherical osmiophilic, membrane bound granular vesicles
(Diameter: 84+ 13 nm in cat; 118_+ 34 nm in rat) which
are concentrated on the dermal side of the nucleus
(Ochiai and Suzuki, 1981) between the nucleus and the
nerve plate; synaptic like junctions of the Merkel cell
and nerve disc in which the cell membrane is flat and
thickened- and the nerve membrane is in apposition to
the cell membrane and a gap that contains an amorphous
ground substance.
The granules remain concentrated in their normal cellular
location after denervation of the skin, although they may
be reduced in number (English, 1977). Each Merkel cell
in cat skin contains between 125,000 to 200,000 granules
(Iggo, unpublished). In a 4 days old rat the numerical
2
density of the granules was 2.45 grannulesum, there was
no further significant increase subsequently (Ochiai and
Suzuki, 1981). Merkel cells contain a smooth endoplasmic
reticulum in the superficial cytoplasm on its epidermal
side; the granular vesicles are probably formed in the
region of the Golgi apparatus of the cells (Hashimoto,
1973) and stored on dermal side of the nucleus. Other
cellular components include lysosomes and- glycogen
granules at the poles of the nucleus.
Merkel cells are attached to the adjacent keratinocytes
by desmosomes, but the tonofibrils are finer and fewer in
Merkel cytoplasm than in the keratinocytes. These
attachments are absent from the typical finger-like
projections of the Merkel cell that project into
invaginations in the adjacent keratinocytes. These
projections 1.3 um in diameter and 2 to 3 urn long
(Andres, 1966; Iggo and Muir, 1969) are usually inserted
into invaginations of the adjacent keratinocytes and
rarely penetrate between them. Other distinctive
features are the absence of desmosomal attachments
between these finger like projections and the enclosing
keratinocytes and the presence of longitudinal oriented
filaments within them (Andres, 1966). The latter
feature assumes particular significance from Flock's
studies of lateral line hair cell cilia in which similar
structures were found to be actin filaments (Flock,
Cheung, Flock and Utter, 1981). A possible role in the
transduction of mechanical stimuli has quite naturally
been postulated for these filaments but no experimental
validation has yet been forthcoming.
b) EPIDERMAL LOCATION OF MERKEL CELLS
The Merkel cells are present in glabrous skin and in
hairy skin, where they occur in the normal epidermis and
in sinus hair follicles (Merkel, 1880; Hoggan, 1884;
Andres, 1966; Patrizi and Munger, 1966). The simplest
arrangement is in hairy skin epithelium where the Merkel
cells lie at the base of the epidermis in clusters of 25
to 150 cells (Smith, 1967; Nurse, Mearow, Holmes, Visheau
and Diamond, 1983; English, Burgess, Kavka-Van Norman,
1985) borne on the terminals of a single myelinated axon.
Each afferent unit forms a compact structure, roughly
circular or oval in shape (about 100 X 300 urn) with a
thickening of the overlying epidermis and a perimeter
marked by the interdigitation of keratinocytes and dermal
tissue. The Merkel cells are oriented so that their
nuclei and nerve plates are on the dermal side of the
cell (Fig. B). This arrangement first described by
Pinkus (1905) are termed Haarscheibe (hair disc) in
man, has since been reported in many species and given
various names (Tastkoerperchen, Merkel, 1875, touch spot,
Iggo, 1963a; touch corpuscles, Iggo and Muir, 1969;
tactile pad, Tapper, 1965).
mute complex sicudtiuii in nciJLx.y sk-jlii is tiie sinus iiair
follicle, originally described by Merkel (1875). In
these tactile or sinus hairs the Merkel cells lie beneath
the glassy membrane and within the basal cell layer
(Andres, 1966) and in contrast to the normal epithelial
arrangement, the nerve plate is on the opposite side of
the cell, corresponding to the epithelial surface. In a
sinus hair a uniform cylinder of Merkel cells surrounds
the hair, in the midregion of the follicle below the
Fig. B. A diagram showing the detailed structure of a Merkel
tactile cell and its associated nerve plate or disc in hairy skin of
the cat. A, myelinated axon; BM, basement membrane; D, desmosome;
E, epithelial cell nucleus; G, granular vesicles in the tactile cell
near its junction with the nerve plate, NP; GO, golgi apparatus; GY,
glycogen; L, lamellae underlying nerve plate; P, cytoplasmic
processes from the tactile cell. From Iggo and Muir (1969)•
sebaceous gland. Morphological data do not allow an
exact statement how the Merkel cells are organized with••
respect to the afferent units, especially since several
I
hundred myelinated axons may innervate a single sinus
hair. However, electrophysiological data (Gottschaldt,
Iggo and Young, 1973) indicate that afferent units are
distributed in sets around the perimeter of a follicle
and that any afferent fibre has only a restricted
distribution to Merkel cells on one side of a follicle
only.
In glabrous skin, with its distinctive ridgity,
particularly in primates, Merkel cells are contained in
rete pegs (Miller, Ralston and Kasahara, 1960; Munger and
Pubols, 1972) at the bottom of the epidermal ridge
through which the duct of a sweat gland passes. The
Merkel cells, in addition to the typical basal location
in the rete ridge in the epidermis, are also present in
groups (Halata,. 1970, 1972a). In both places they have
all the typical Merkel cells and Merkel disc
characteristics in human, nonhuman-primate, and non
primate skin (Winkelmann and Breathnach, 1973). Exact
morphological data on the number of Merkel cells per
afferent fibre are not available but
electrophysiologically the receptive fields of slowly
adapting type I (s.a.I) units in primates (Iggo, 1963a,b)
and human (Johansson, 1978; Johansson and Vallbo, 1983)
finger skin are small. Commonly maximum sensitivity is
restricted to an area of 2 to 8 mm in diameter covering 4
to 10 papillary ridges.
c) MORPHOGENESIS
The Merkel tastfleck (touch spot) has proved to be a
convenient model for studies of morphogenesis,
degeneration and regeneration of sensory receptors,
because it can be readily observed in the epidermis of
anaesthetized animals as well as in skin prepared for
light and electron microscopy. Merkel cells appear as
early as week 16 in the developing human foetus
(Breathnach, 1971) and in fetal sheep (Lyne and Hollis,
1971). In the rat they appear after day 16 of the
gestation period (English et al., 1985).
The origin of Merkel cells continues to be debated. On
the basis of ultrastructural studies, Breathnach (1971)
suggests an origin from the neural crest. But many
others suggest that Merkel cells are of epithelial origin
(Munger, 1965; Lyne Hollis, 1971; Nafstad, 1971; Smith,
1970; Tweedle, 1978; Call and Bell, 1979; Tachibana and
Ishizeki, 1981). Lyne Hollis (1971) found Merkel cells
present within sheep epidermis during foetal development
but only in the oldest foetuses were these cells
associated with neurites. Because the Merkel cells had
desmosomal contact with adjacent epidermal cells, they
concluded that they were modified epidermal cells.
Kasprzak, Tapper and Craig (1970) described a reverse
order to this of receptor development in s.a.I receptors.
In newborn kittens mechanically sensitive spots were
innervated by type I afferent fibres even though very few
Merkel cells were present. The Merkel cells appeared
after neural innervation had occured. This supports the
findings of Symonovicz (1895) who suggested that Merkel
cells differentiated from epithelial cells after the
arrival of nerve fibres. English (1974, 1977) described
cells in the epidermis of cats and rats which were
transitional in appearance between Merkel cells and
keratinocytes. The presence of presumptive Merkel cells
in the epidermis of fetal and postnatal animals supports
the hypothesis that Merkel cells are derived from
epithelial cells (English et al., 1985). Indirect
immunoflourescence techniques revealed that Merkel cells
contained keratin intermediate filaments desmosoma1
protein which demonstrated their epithelial nature
(Saurat, Didierjean, Skalli, Siegenthaler and Gabbiani,
1984; Ortonne Darmon, 1985). Apart from their typical
location at the epidermo-dermal border, Merkel cells have
also been reported in the dermis of mammalian skin
(Breathnach and Robins, 1970; Breathnach, 1971;
Hashimoto, 1972; Mahrle and Orfanos, 1974; Halata, 1981).
Breathnach Hashimoto both found Merkel cells present
within the dermis and passing into the epidermis in
tissue from human foetuses. At no time did these cells
of the same lineage as epidermally situated Merkel cells
remains to be determined (Nafstad, 1971). Winkelmann
(1977) found similarities between Merkel cells and cells
of APUD (amine precursor uptake decarboxylating cells)
system (Pearse, 1968) and postulated that Merkel cells
are migrants from the neural crest into the epithelium.
d) DISCHARGE PATTERN
The s.a.I receptors respond with a characteristic pattern
of discharge of impulses during both dynamic and static
phases of mechanical stimulation of the skin (Fig. C).
The response during the dynamic phase has both velocity
and displacement components. They have similarities with
the s.a.II receptors (see Table A) (Chambers, Andres,
von Duering and Iggo, 1972). They are called touch
corpuscles because dome like elevations can be seen on
the surface of hairy skin where clusters of Merkel cell-
neurite complexes can be found at the epidermo-dermal
border (Iggo and Muir, 1969). Their spot like receptive
fields have been known for some time (Frankenhaeuser,
1949; Maruhashi, Mizuguchi and Tasaki, 1952). Their
associations with the domes was established by Iggo in
1963.
The s.a.I units rarely carry a resting discharge. The
threshold for a response may be displacement of as little
Similarities
1. Slowly adapting. The discharge to maintained mechanical stimulus lasts for several
minutes, at least.
2. Respond to vertical displacement of the skin—with dynamic and static components.
3. The dynamic response has both velocity and displacement components.
4. Found in cat, rabbit (Tapper, 1965; Brown and Iggo, 1967; Burgess et al., 1968), and
monkey (Iggo, 1963b; Perl, 1968; Harrington and Merzenich, 1970), and units with
similar properties exist in man (Boman and Hensel, 1960; Vallbo and Hagbarth,
1 QR• Jfnihctnl and Vallhn 1 Q7fft
5. Innervated by myelinated axons, conduction velocities ranging from 20 to 100 ms
(mean 57 and 54 in cat, 47 and 31 in rabbit, Brown and Iggo, 1967).
Differences
SAI
1. Irregular discharges to maintained
cfimnltiQ
Coefficient of variation 0.50.
2. Does not respond to stretching, unless
severe and nrolonced0.
3. Capable of high-frequency discharge
to all effective stimuli.
Smallest ISI 1.0 ms( 1000 Hz).
4. Resting discharge unusual.
5. Distinct dome on surface of the skin
(cat!.
6. From 1 to 5 receptors per axon. These
mav be scattered over an area of 25 cm2.
7. Receptor terminals are Merkel discs
associated with Merkel cells.
SAII
1. Regular discharge to maintained stim¬
ulus.
Coefficient of variation 0.30.
2. Responds readily to stretching of the
skin.
3. Generally low-frequency response to
all effective stimuli.
Smallest ISI 1.3 ms (800 Hz).
4. Usually has a resting discharge.
5. No evident surface feature.
6. One receptor per axon.
7. Receptor is Ruffini ending.
SAI units in the skin covering the dorsum of the hand in monkey (Iggo and Ogawa





Fig. C. Discharge of an s.a.I unit in cat skin in response to the
application and maintenance of steady indentation of the skin„ The
records were taken at the time indicated (in minutes). Both i
dynamic and a static response were shown and the discharge display;
both adaptation and the characteristic irregularity of interspik
intervals. From Iggo (1963a).
0.5
as 1 urn (Iggo, 1972) and the discharge continues for at
least several minutes when suprathreshold stimuli are
maintained. The static component of the afferent
discharge is strictly related to the size of the
mechanical displacement by a power function relationship
b
( R= kS) where R is the response frequency, k a
constant and S the stimulus amplitude raised to the power
b (Werner and Mountcastle, 1965; Tapper, 1965) which was
supported by psychophysical studies (Stevens, 1957). The
receptors also respond to the dynamic components of the
stimulus, but unlike the rapidly adapting units, the
response is both determined by velocity and amplitude of
the stimulus (Iggo and Muir, 1969). Thus, during a given
constant velocity displacement, the interspike intervals
decrease progressively with increasing displacement in
contrast to the hair follicle units in which it remains
mainly constant. The discharge continues when the final-
displacement is reached, but the frequency declines i.e.
the unit adapts. The rate of adaptation is not uniform
and can be described accurately by an expression
containing 3 time constants (Iggo and Muir, 1969). Under
constant displacement, the units may eventually adapt to
silence, but the total time during which a discharge is
present varies from tens of seconds to minutes and
depends partly on the intensity of the mechanical
indentations applied.
After close scrutiny of the results from Werner and
Mountcastle (1965), Iggo and Muir (1969) suggested on the
basis of the criteria to differentiate s.a.I and s.a.II
receptors (see Chambers et al., 1972) (Table A) that
their units included examples of both types of receptors.
The analysis of the 'early steady state' used by Werner
and Mountcastle (1965) established a very exact linear
relationship between the mean and the standard deviation
of the frequency of discharge with a small coefficient of
variations. These results were not characteristic of the
s.a.I receptors of the cat that were described by Iggo
and Muir (1969). Instead, they resembled the discharge of
s.a.II receptors in both cat and monkey (Iggo and Muir,
1969; Chambers et al., 1972). The general validity of
Werner and Mountcastle's results was not affected, in
particular, that the stimulus-response relationship was
logarithmic for s.a.I receptors (Iggo and Muir, 1969).
A very characteristic and indeed diagnostic feature of
the s.a.I units is that the interspike intervals are
quite variable, even in early stages of adaptation, but
particularly when the frequency has declined after
adaptation. Interspike interval histograms containing
several hundred intervals (Fig. D) (Iggo and Muir, 1969)
resemble a Poisson distribution with a dead time,
implying that apart from a refractory period effect,
which limits the number of short intervals, there is a
random distribution of interspike intervals. This
Interspike interval (ms) Interspike interval (ms)
Fig. Do Examples of frequency distribution of interspike intervals:
A. the adapted discharge of an s.a.I unit, for 1460 intervals. The
theorectical curve for Poisson distribution, f(x)= e, is drawn
as a continuous line. Coefficient of variation, 0.63. B, the
adapted discharge of an s.a.II unit, with a mean frequency similar
to an s.a.I unit in A. The coefficient of variation for this
Gaussian distribution was 0.05. From Iggo and Muir (1969).
pattern of discharge has been attributed to the presence
I
of multiple spike generation sites in the receptors,
which has up to 5 touch corpuscles each consisting of 50
to 70 individual Merkel cells conveying to one axon
(Iggo and Muir, 1969). The structure is consistent with
the concept of separate generators- each Merkel cell is
innervated by the single expanded nerve ending of a
branch of the main axon which is myelinated up to a few
microns before the nerve fibre reaches the Merkel cell.
Horch, Whitehorn and Burgess (1974) assumed that s.a.I
receptors have multiple generating sites and proposed 2
models based on the morphological characteristics of the
receptors. One model was based on the assumption that
each Merkel cell-neurite complex acts as an independent
oscillator which generates a regular discharge pattern.
The main assumption in this model was the independence of
individual oscillators i.e. impulses produced at one-
generator site did not influence the generator process of
other oscillator sites. In the second model, each
terminal impulse-generating site was assumed to have an
irregular discharge. Reset of one generating site by
another may or may not occur. The irregularity of the
discharge generated by each terminal could result from
variability in transmitter release by the Merkel cells.
It seems that the second model described the
characteristic discharge pattern of• s.a.I
mechanoreceptors best (see review by Iggo Findlater,
1984). Horch et al. (1974) concluded that the most
likely cause of such a discharge pattern was transmitter
release from the Merkel cells. They also suggested that
the unique relationship between Merkel cell and adjacent
expanded nerve terminal was functionally related to the
equally distinctive discharge pattern of s.a.I
mechanoreceptors. Gottschaldt and Vahle-Hinz (1981)
disputed the idea of transmitter release from Merkel
cells on the grounds that Merkel cell-neurite complexes
in the sinus hair follicles of cats were able to follow
in a 1:1 relationship vibration frequency of up to 1500
Hz. Thus they argued that it was too fast for
chemosynaptic transmission to occur. They determined the
receptor delay by mechanically stimulating the sinus hair
shaft and electrically stimulating the afferent nerve
fibre and found this to be about 0.3 ms. And this was
believed to be too short for chemo-synaptic transmission.
Their argument relates to the speed with which synaptic
transmission occurs. In mammalian neuromuscular
junction, the interval between the maximum size of the
intracellular spike potential and the beginning of
transmitter release was in the region of 0.2 ms. (Hubbard
and Schmidt, 1963) and later confirmed by Llinas (1977).
Llinas found with an improved voltage clamp technique
that the time elapsed between Ca entry into a
stimulated terminal of the squid giant axon synapse and
the start of the postsynaptic potential could be as short
as 200 us which is much less than the time estimated for
the Merkel cell nerve terminal transmission by
Gottschaldt and Vahle-Hinz (1981). Thus, the idea of the
involvement of chemo-synaptic transmission in the Merkel
cell-neurite complexes cannot be discarded.
e. DEGENERATION AND REGENERATION OF MERKEL CELLS
After crush of the afferent nerve, the s.a.I
mechanoreceptors with its Merkel cell-neurite complexes
showed degenerative changes (Palmer, 1965; Burgess,
English, Horch and Stansaas, 1974). At various stages of
regeneration distal to the crush, mechanical stimulation
could still produce non-specific responses from the tips
of the regenerating nerve. It was only when new fibres
reformed Merkel cell-neurite complexes that the typical
slowly adapting response was obtained. This observation
was supported by the experiments of Kasprzak et al. in•
1970. They reported similar results in developing slowly
adapting receptors of newborn kittens. Only when numerous
Merkel cells appeared in the epidermis the receptor
developed a capacity for sustained response to constant
mechanical indentation. Denervation experiments in other
sensory receptor systems have produced similar effects,
both morphologically and physiologically. Transection of
the glossopharyngeal nerve in rats produced a generalized
degeneration of the gustatory epithelium including the
taste buds (Guth, 1971). In the carotid body, osmosensory
activity was lost after nerve crush. With time however,
the response returned and ultrastructural examination
revealed that the reappearance of nerve ending adjacent
to the glomus-sustentacular cell complex coincided in
time of re-establishment of chemosensory activity.
(Eyzaguirre and Fidone, 1980). These results suggested
that the regenerating nerve tips within the carotid body
were unable to respond to chemical stimuli before
contacting the glomus cells. It has been reported that
denervation results in atrophy of Merkel cell receptors
in oppossums, cats, dogs, mice and rats (Parker, 1932;
Brown and Iggo, 1963; Palmer, 1965; Zelena, 1964;
Kurosumi and Suzuki, 1971; Burgess et al., 1974; English,
1977; Kurosumi, Jurosumi and Inone, 1979; Nurse Macintyre
and Diamond, 1984). However, little or no alteration has
been reported after denervation in some species (Smith
1967; Hartschuh Weihe 1977; Benkenstein 1979). Merkel
cells survive nerve loss in amphibians (Cooper, Diamond,
Turner, 1977, Tweedle, 1978), although their granule
content is reduced (Tweedle 1978). The dependence of
Merkel cell integrity upon neural innervation has been
investigated by Burgess et al. (1974), English (1977) and
English, Horch, Kavka-van Norman and Burgess (1984) who
found a progressive degeneration of Merkel cells and
epithelial cells of s.a.I receptors in cats following
denervation. It was assumed that the type I afferent
fibres were the 'trophic' neurones as they were
juxtaposed to the dermal aspects of the Merkel cell
(English, 1977; Kurosumi et al., 1979), An effect similar
to that of nerve transection can be produced by local
application colchicine or vinblastine (Chelyshev and
Vinter, 1983). Merkel cells decreased in number and
showed degenerative changes. The authors interpreted
this as evidence suggesting that axonal blockade prevents
the secretion of trophic chemical factors which are
necessary to maintain Merkel cell integrity from the
nerve terminal. Nurse et al. (1984) used the flourescent
dye quinacrine as a marker for the Merkel cells. They
observed a 60% decrease in Merkel cells after
denervation. They suggested that there were 2 types of
quinacrine labelled Merkel cell. One labile and one
stable. The labile population is the one most sensitive
and disappears at an exponential rate after denervation.
English et al. (1984) found a 74% decrease in the number
of Merkel cells after transection of femoral cutaneous•
nerve. The number of keratinocytes was also reduced
suggesting their role as Merkel cell precursors. After
regeneration of the cutaneous nerve, most s.a.I receptors
preferentially reappeared at old loci. This topological
specificity presumably reflects the ability of
regenerating type I axons to recognize some intrinsic
properties of the old receptor sites (Horch, 1982).
Residual domes and Merkel cells would be expected to be
present at times when regenerating nerve fibres return to
the skin. (Horch and Lisney, 1981). Hartschuh and Weihe
(1977) however found that nerve transection in the cat
had no effect on the number of Merkel cells found in
s.a.I receptors or sinus hair follicles or on the
ultrastructure of these cells regardless of the survival
time. They concluded that there was no evidence to assume
that Merkel cells in cats were more dependent upon
sensory innervation for their morphological integrity
than Merkel cells in rats (Smith, 1977). The above
results by Hartschuh and Weihe (1977) were consistent
with findings by Smith (1966, 1967) on rats, Benkenstein
(1979) using rats and Tachibana et al. (1982) using
rabbits. In a study on the reinnervation of receptors,
Burgess et al. (1974) showed that both crushed and
transected type I nerve fibres regenerated preferentially
to old receptor sites. This finding was recently
confirmed by English et al.(1984). Horch (1982) found
that the reappearance of type I receptors at the old
receptor sites following nerve transection was primarily
due to intrinsic properties of the receptor sites rather
than dependent on guidance of regenerating axons along
Schwann tubes in the distal stump. These results suggest
that Merkel cells may in fact be acting as target cells
for afferent fibres, an hypothesis proposed by Scott,
Cooper and Diamond (1981) using quinacrine as a marker,
observed a biphasic change; an initial loss of Merkel
cells was followed by an increase. They assumed that the
sensory nerve induced the differentiation of new Merkel
cells in domes where the number of these cells initially
decreased after denervation. During the normal healing
process of labial mucosa in adult rabbits, after removal
of a 1.5mm thick labial mucosa (Tachibana and Ishizeki,
1981) observed immature Merkel cells (Tachibana and Nawa,
1980) after 10 days, normal Merkel cells were found after
30 days. Since adult animals were used in these
experiments, the reproduction of the Merkel cells in the
regenerative epithelium seemed to be independent of the
undifferentiated neuroectodermal tissue. They suggested
that the Merkel cells originate from the germinal
epithelial cell, probably from the immature
keratinocytes.
f. POTENTIAL NEUROTRANSMITTERS
Based- on the ultrastructure of the Merkel cell- neurite
complexes, Smith (1977) and Hartschuh and Weihe (1980)
assumed a chemical synapse between Merkel cells and nerve
fibre. Numerous osmiophilic granules were found between
the Merkel cell nucleus and the adjacent expanded nerve
terminal. These granules were found closely apposed to
specialized regions of the Merkel cell membrane (Andres,
1966; Iggo and Muir, 1969). Chen, Gerson and Meyer (1973)
described these junctions in detail and the fusion of
Merkel cell granules with these areas of the Merkel cell
membrane. The above finding was later confirmed- by Smith
(1977), Mihara, Hashimoto, Ueda and Kumakiri (1979) and
Hartschuh Weihe (1980). In contrast other authors did
not find any evidence for a synaptic junction between the
Merkel cell and the adjacent expanded nerve terminal and
no indication for a neurotransmitter (Munger, 1965;
Winkelmann, 1977; Hashimoto, 1972; Smith, 1970). The
synaptic image, visualized by electron microscopy, varies
with different fixations and staining procedures (Bloom
and Aghajanian, 1968; Jones, 1969; Gray, 1976). Different
post fixatives and stainings were introduced by Hartschuh
Weihe in 1980 in view of the fact that the way of
preparing the tissue for electron microscopy was a
critical factor whether synaptic structures could be
visualized. Smith reported in 1970 a lack of membrane
specialization from ultrastructure of human Haarscheibe
and Merkel cells which was in contrast to Andres'
findings in 1966. However, Smith in 1977 had little doubt
about such specialization. Merkel cell granules have
occasionally been seen to fuse with specialized areas of
membrane supporting the hypotheses of synaptic
transmission (Iggo Muir 1969; English 1974; Andres
1966; Andres and von Duering, 1973; Chen et al., 1973).
One particular feature is the presence of clear synaptic
vesicles which are generally regarded as a main feature
of synapses have so far not been observed at the
presynaptic membrane of the Merkel cells. However, the
functional role of the clear synaptic vesicles is still
uncertain (Gray, 1977; Tauc, 1982). It is possible as
suggested by Hartschuh Weihe (1977) that the Merkel
cell granules function as synaptic vesicles.
During the search for neurotransmitters involved in the
Merkel cell-neurite complexes, Munger (1966) found Merkel
cells to be PAS positive, particularly on the dermal
aspects of the nucleus, suggesting the presence of
carbohydrates. But Smith (1977) reported them to be PAS
negative, and suggested that the positive reaction
obtained by Munger was only glycogen stored within the
neurite terminal rather than a reaction to the Merkel
cell granules. However, the PAS positivity observed by
Munger was diastase resistant and therefore unlikely to
have been produced by glycogen wherever the reaction
occurred. Iggo and Muir (1969) had treated cats with
reserpine for 4 days. They found that the s.a.I receptors
were not affected both functionaly and morphologically.
No chemicals other than histamine, 5-hydroxytryptamine,
acetylcholine (Fjaellbrant and Iggo, 1961) and nicotine
(Smith and Creech, 1967) have been found to exert any
excitant action.
Winkelmann (1977) speculated that Merkel cells were
involved in monoamine metabolism and the granules inside
the Merkel cells resembled amine containing granules.
Hartschuh and Grube in 1979 treated mice with amine
precursors (L-dopa, L-5-hydroxytryptophan) and
monoaminoxidase-inhibitors (Harmaline). They found no
involvement of Merkel cells or of the APUD system in
monoamine metabolism,, But specific Harmaline flourescence
was found in parts of Merkel cells with the highest
granule density and the granules are the site of
Harmaline accumulation.
Varges and Erliy (1976) have demonstrated that Harmaline
inhibit the transmembraneous flux of GABA and other amino
acids. This might support the hypothetical function of
the granules as neurotransmitter store. Hartschuh, Weihe,
Buechler, Helmstaedter, Feurle and Forssmann (1979)
reported the light microscopic finding of met-enkephalin-
like immunoreactivity in the Merkel cells with the
highest granule density. They suggested that the granules
were the site of the met-enkephalin immunoreaction. Their
suggestion supported the concept that the Merkel cell was
a member of the paraneuronal cell system and a potential
neuroreceptor cell (Hartschuh and Weihe, 1980). In an
experiment to test the hypothesis that Met-enkephalin
acted as a neurotransmitter, Gottschaldt and Vahle-Hinz
(1982) gave an intravenous injection of naloxone, a known
antagonist to Met-enkephalin, while mechanically
stimulating the sinus hair follicles of the cat.
Irrespective of the dose up to (2 mgkg) administered,
there was no alteration in the response obtained from the
slowly adapting type I afferent unit to sustained
stimulation. Thus, they concluded that a synaptic
mechanism with the release of met-enkephalin was unlikely
to be involved in the impulse generation in Merkel cell-
axon complexes and Merkel cells did not function as
neuroreceptor cells. However, Met-enkephalin-like
substances have been demonstrated in Merkel cells of some
rodents only but not of cat, dog, pig and human
(Hartschuh et al., 1979). The presence of met-enkephalin
like substances is therefore not a suitable criterion for
the identification of Merkel cells in other species
(Hartschuh, Weihe, Yanaihara and Reinecke, 1983). It
would have been more appropriate for Gottschaldt
Vahle-Hinz (1982) to use rats instead of cats in their
experiments. Naloxone injection should give negative
results in cats. Handwerker (unpublished) has obtained
negative result in rats as well. Hartschuh et al.(1983),
Hartschuh, Reinecke, Weihe and Yanaihara (1984) found in
all species investigated (cat, dog, pig, human) that
Merkel cells in different locations were VIP (vasoactive
intestinal peptide) immunoreactive, whereas the
associated sensory nerve endings gave no VIP
immunoreaction. They suggested that the Merkel cells of
rodents gave no such reaction and that the Merkel cell
axon complex represents a complex regulatory system
involving a presumptive receptor or modulator function
whereby the Merkel cell may influence the threshold of
the sensory nerve ending via release of a neuropeptide
(VIP or met-enkephalin like material). The unique
presence of met-enkephalin like materials in rodents only
possibly indicates a separate evolutionary line.
Smith Creech (1967) found no drug that could produce
spontaneous action potentials in the afferent fibre
innervating s.a.I mechanoreceptors. The response to
standard mechanical stimulation was transiently increased
by nicotine before the receptor was finally blocked,,
Lobeline, veratum alkaloids, K+, Ca++ and Mg++ (10 M)
blocked the responses from the s.a.I units, but distilled
water, acetylcholine, serotonin, catecholamines and
related drugs had no effect upon the responses.
Imipramine, carbamazepine and procaine which have local
anaesthetic properties blocked the responses.
Fjaellbrant and Iggo (1961) and Iggo and Muir (1969)
stated that close arterial injection of histamine,
acetylcholine, combination of both, and 5-
hydroxytryptamine resulted in spontaneous activity and an
increased response to intermittent pressure for several
minutes before depressing the response. But in 1972,
Chambers et al. argued that these responses were probably
elicited from type II units (Ruffini ending) rather than
from Haarscheiben. It is also possible that the arterial
injection of drugs caused dilation of capillaries in the
Haarscheibe, and thus made it more sensitive to a
standard mechanical pressure without actually affecting
the generator potential in the neural terminal' (Smith,
1977).
When Smith (1977) injected water and ether extracts from
s.a.I mechanoreceptors of the cat into other similar
receptors, they did not change the response to touch nor
did they produce spontaneous action potentials, also no
nerve growth factor was found in the extracts. Iggo and
Muir (1969) treated some animals for several days prior
to electrophysiological experiments with sufficient
reserpine to deplete catecholamine stores. Again, they
failed to modify the response characteristics of the
receptors.
Using a different approach to determine the involvement
of the osmiophilic granules in the transduction process,
Anand, Iggo and Paintal (1979) tested the effects of
extreme hypoxia on granule number and distribution and on
the response of receptors to standard mechanical stimuli.
Cats were ventilated with 99.9% nitrogen while at the
same time an atmosphere of nitrogen surrounded the limb%
containing the s.a.I mechanoreceptors which were
mechanically stimulated. Immediately after exhaustion of
the receptors the limb was rapidly perfused with
fixative. Subsequent histological examination of the
s.a.I receptors revealed an almost total loss of granules
from the Merkel cells. This demonstrates the lability of
the granules but does not resolve their role in the
transduction process. Later Anand, Iggo and Paintal
(unpublished, see review by Iggo Findlater, 1984) found
that the effects of hypoxia were reversed by replacing
the nitrogen around the limb with oxygen. This can
restore normal responsiveness in less than 30 s. Once the
responsiveness had fully recovered, nitrogen was
reapplied to the limb and the response quickly faded
again. This process could be repeated several times for
up to 30 minutes after circulatory arrest.
Cooksey, Findlater and Iggo (1984b) modified the above
experimental set up in which the limb and its s.a.I
mechanoreceptors could be made hypoxic reversibly. This
was achieved by occluding the femoral artery and
redirecting the venous femoral blood to the femoral
artery distal of the occlusion. A polythene sack
enclosing the limb was filled with nitrogen. Reversal of
hypoxic condition is obtained by redirecting arterial
blood into the limb. Similar results to those of Anand et
al. (unpublished) were observed. Under hypoxic
conditions, Iggo Findlater (1984) induced by electrical
stimulation, repetitive propagated potentials in the
afferent fibre through the probe which also served for
mechanical stimulation (as described by Lindblom and
Tapper in 1967). After receptors failed to respond to
mechanical stimulation during hypoxia, the nerve fibres
could still be excited electrically and propagate action
potentials at high frequency. Thresholds for electrical
stimulation and conduction velocities were unaltered
between normoxic control conditions and hypoxia. These
results in conjunction with the loss of granules from the
stimulated Merkel cells suggested that hypoxia has its
greatest and most rapid effect on Merkel cells. It was
suggested that the transduction in the Merkel cell-
neurite complex is an oxygen sensitive process. With a
very low arterial pO level (1.5 kPa or 12 mmHg) oxygen
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diffusing through the skin containing the receptors was
sufficient to maintain the ability of the Merkel cells to
respond to mechanical stimulation. Iggo Findlater
(1984) suggested that this sensitivity to hypoxia had to
be expected in a sensory receptor cell in which there
must be a rapid uptake of neurotransmitter precursors,
synthesis of the transmitter substance, its subsequent
storage and eventual release. In slowly adapting
receptors such as Merkel cell-neurite complexes, this
process has to be maintained for prolonged periods of
time, making them very sensitive to lack of oxygen.
Assuming the Merkel cell- neurite complexes contain
synaptic neurotransmitters and respond to mechanical
stimuli, it still remains unclear how the process can be
initiated. Based on the morphological and
electrophysiological studies of the Merkel cell- neurite
complexes, some speculations can be made in comparisons
with other sensory systems. Structurally, there are«.
similarities between the Merkel cell-neurite complexes
and the hair cell arrangement in the mammalian auditory
system. The apical part of the Merkel cell is attached to
the overlying epidermal cells by desomsomes (Iggo and
Andres, 1982), Rod like cylindrical cytoplasmic processes
of the Merkel cells with longitudinally oriented
filaments inside fill corresponding indentations in
adjacent epidermal cells and appear randomly distributed
over the upper half of the Merkel cells without
desmosomal attachments (Andres, 1966), This feature
assumes particularly significance from Flock's studies of
lateral line hair cell cilia in which similar structures
were found to be actin filaments (Flock et al., 1981). An
analogy can also be made between the process of the
Merkel cells and the sensory hairs or stereocilia of the
mammalian auditory receptor cells. These sensory hairs
are tubular projections of the cell membrane arising from
the cell surface. Bending of the sensory hairs is brought
about by displacement of auxiliary sensory structures to
which the tips of the hairs are attached. The
displacement of the sensory hairs is the first step in
the excitation process of the receptor cell. It is now
known that the fine filaments running longitudinally
through each stereocilum are composed of actin (Flock and
Cheung, 1977). Similar filaments, found within the Merkel
cell processes, project up into the epidermis.
Deformation applied to skin overlying the Merkel cell
neurite complexes could be expected to cause these
processes to bend in a similar manner to that of the
stereocilia of the auditory receptor cells.
The simplest transduction process to imagine is one in
which bending of the Merkel cell processes causes
stretching or compression of the cell membrane. Assuming
Ca++ channels in the cell membrane may alter their
structural configuration and allow the entry of Ca++ into
the cell. This in turn would cause the release of
neurotransmitter from the granules of the Merkel •cells
producing a graded depolarization of the adjacent nerve
terminal. With sufficient stimulation, transmitter
release would be adequate to initiate an action potential
in the afferent fibre. Cooksey et al. (1984a) infused
Co++ or verapamil into a closed loop circulation of the
limb of cats containing s.a.I receptors and stimulated in
the same way as discussed above (Cooksey et al., 1984b).
A serum level of 0.1- 1.2 raM of Co++ resulted in lack of
response of the s.a.I receptors to mechanical stimulation
but not to electrical stimulation of the afferent nerve.
Withdrawal of Co++ enabled the recovery of the receptor
response. 100 uM verapamil reduced the response to
mechanical stimulation. Ultrastructural examination of
the receptors which had been stimulated mechanically in
the presence of Co++ or verapamil showed a depletion of
granules in the Merkel cells. The authors concluded that
calcium is a requirement for the normal function of the
s.a.I receptors and that the granules are required for
normal transduction. Using the same experimental set up
as mentioned by Iggo and Findlater (1984), met-enkephalin
(Hartschuh et al., 1979) and VIP (Hartschuh et al., 1983,
1984) could be introduced into the local circulation of
the limb to test their possible action on the normal and
exhausted s.a.I receptors.
Iggo Findlater (1984) reviewed the current knowledge on
the Merkel cell neurite complex and postulated the
following sequence of events during natural stimulation
of the s.a.I cutaneous mechanoreceptors (Fig. E).
1) Mechanical distortion of filamentous rods of Merkel
cells;
2) Alteration of membrane permeability of the epidermal
surface of Merkel cell leading to
3) entry of Ca2+ ions into Merkel cell
4) Mobilization of osmiophilic granules
5) Release of granule contents at synapse like junction
between the Merkel cell and the nerve plates
6) Alteration of ion permeability of the nerve plate
membrane leading to
7) development of a generator potential with the
consequent












Fig. E. Merkel cell-neurite complex showing the suggested sequence
of events in the proposed transduction process by Iggo and Findlater
(1984)» See text for explanation of 1 to 8.
2) EFFECT OF AGE ON MECHANICAL PROPERTIES OF SKIN AN.P
CUTANEOUS RECEPTORS
a) MECHANICAL PROPERTIES OF SKIN:
Age dependent variations of the mechanical properties of
the skin have been studied at various times in animals
and in man (Fry, Harkness and Harkness, 1964; Ridge and
Wright, 1966; Vogel, 1972, 1974; Daly and Odland, 1979).
Only in a few of these studies, however, maturation and
aging processes have been distinguished from each other.
The same holds true for chemical analysis of skin (Vogel,
1969, 1972; Bentley, 1979; Jackson and Steven, 1969).
Most authors agreed that with increasing age, soluble
collagen and glycosaminoglycans decrease, whereas
insoluble collagen and the collagen glycosaminoglycans
ratio increases. The number of cell layers in the stratum
spinosum was reduced (Montagna, 1965), the stability of
the collagen fibres (Rasmussen, Wakim and Winklemann,
1965; Verzar, 1963) and the content of elastin in the
dermis (Sams and Smith, 1965) were increased. In earlier
studies by Holzmann, Kobelt, Korting and Vogel (1971)
there was a sharp increase of ultimate load (i.e.
resulting force after an extension for a fixed interval,
tensile strength and elasticity module in human skin
during the maturation process and a slight decrease in
older individuals. Tensile strength was found to reach a
maximum in rat skin at about three months old. Further
increases in age or body weight was correlated to a slow
decrease in tensile strength. (Vogel, Kobelt, Korting and
Holzmann, 1970).
The increased cross-linking of collagen with age and its
effect have been much discussed in the literature. The
tensile strength of the rat skin per unit area of
collagen in cross-section appeared to increase with age,
the maximal value in the oldest group being about three
times that in the youngest (Fry, Harkness and Harkness,
1964). This could be attributed to increased number of
cross-links. Harkness (1971) pointed out that even though
some cross-linking between molecules might be critical
for mechanical strength, a further increase might not
necessarily improve the mechanical properties but might
have the opposite effect. Thus, the increased number of
cross-links in collagen in the corium might weaken it
(Compton, 1949; Highberger, 1947). An excess of cross-
linking increased the rigidity of a structure, and might
increase local stress by reducing the ability of the
structure to distribute the load. Bentley (1979) found
that after maturity, the number of detectable cross-links
decreased even though the mechanical stability of the
tissue increased. He suggested that cross-links might be
oxidized in vivo and thus become undetectable with usual
methods. In their review article, Daly and Odland (1979)
stated that the mechanical properties of skin were well
matched to the function and depended on the geometry of
the collagen and elastin network of the epidermis. The
changes in the visco-elastic properties of the Nground
substance' components of the dermis needed to be
considered. In 1974, using biochemical and mechanical
studies Vogel found an excellent correlation between
tensile strength of rat skin and the content of insoluble
collagen. But strength and glycosaminoglycans were not
related.
In aging human skin, the epidermis became increasingly
flattened out and accompanied by a comparable rarefaction
of the superficial blood vessels (Montagna and Carlisle,
1979). Despite an overall thinning of the viable
epidermis, Lavker (1979) found no morphological evidence
that the protective function of the epidermis was
compromised by age having the same thickness of the
stratum corneum as in young subjects but displaying a
relatively flat dermal-epidermal junction devoid of
microprojections. This indicated that the tissue was less
resistant to shearing forces. Cooper, Missel, Hannon and
Albright (1985) found that removal of outer layers of
stratum corneum resulted in about 50% reduction in the
Young's modulus indicating a significant contribution to
the mechanical properties of the skin by such layers.
This was also supported by Christensen, Nacht and Packman
(1983).
Wright (1971) pointed out that when the skin of the
relaxed hand of a young man was pulled up between the
finger and thumb and released it smacked back into place
whereas that of an old man subsided slowly. This was due
to reduction in elasticity of the skin (Ma and Cowdry,
1950). This could be verified easily by cutting a piece
of skin from a young and an old animal, the shrinkage
would be more vigorous in young than in old. Conversely,
there was a decreased compressibility of skin plus
subcutaneous tissue with age (Brozek and Kinzey, 1960).
Wright (1971) found that there was an increasing
stiffness after 40 years of age. These findings agreed
well with those in rabbits (Harkness, 1961) and in man
(Kenedi, Gibson and Daly, 1965). Wright (1971) attributed
the age related changes to alterations in cross-links of
collagen. Carlisle and Montagna (1979) found a decrease
in hyaluronic acid in unexposed aged human skin leading
to low water-binding capacity.
By measuring the mechanical properties of the human
dermis in vivo, Agache, Monneur, Leveque and De Rigal
(1980) observed an abrupt drop in elasticity and
stretchability in the fourth decade of life, associated
with an increase in the visco-elastic components, i.e.
the inter-chain links and amount of collagen. The. Young's
modulus doubled with age. Reduced stretchabi1ity of aged
skin has been attributed to an extensive elastogenesis
with large amount of microfibrils in the papillary dermi
(Lavker, 1979).
b) CUTANEOUS RECEPTORS AND ASSOCIATED NERVES:
Some very clear alterations in cutaneous receptor end
organs have been documented from birth to old age that
might be linked to decreased cutaneous sensitivity
(Winklemann, 1965). Cauna (1965) has presented the
clearest picture of the changes in morphology and number
of Meissner corpuscles and in the number of Merkel disks
that occurred with age. His findings concerning Meissner
corpuscles have been confirmed by others (Hunter, Ridley
and Malleson, 1969; Quilliam and Ridley, 1971; Ridley,
1968) and might account for the age related decreased
sensitivity to light touch of the glabrous skin of the
hand (Axelrod and Cohen, 1961).
Verillo (1979) showed that there was no apparent shift in
sensitivity at low frequencies of stimulation,
frequencies which presumably were optimal for activating
non-Pacinian receptors, e.g., touch corpuscles. According
to the duplex model of mechanoreception proposed by
Verillo (1963, 1966, 1968) there was no spatial summation
of responses for the non-Pacinian mechanoreceptors. A
reduction in number of Meissner or Merkel endings would
therefore not be reflected in higher sensory thresholds
(Verillo, 1979). The change in size, shape and
relationship of these cutaneous receptors to the
epidermis has been discussed in detail by Cauna in 1965
and appeared to have little effect on low frequency
response of the cutaneous receptors. Montagna and
Carlisle (1979) reported that the number of Meissner
corpuscles seemed to remain unchanged, though enlarged
and distorted as reported by Cauna in 1965. All extant
hair follicles were still equipped with apparently intact
sensory end organs.
Regarding the nerve fibres, Cobrin and Gardner (1937)
found a decrease in the number of myelinated fibres in
the spinal roots with age, and Cottrel (1940) reported a
decrease in the number of myelinated fibres in peripheral
nerve trunk, especially during the decades of the 40s and
the 50s in man. On the other hand Weddell (1963) found
that with increasing age, the number of axons in the
human radial nerve at the wrist increased, though their
diameter decreased. However, no changes with age were
observed in the density and morphology of peripheral free
nerve endings at the dermal level (Cauna, 1965; Hunter,
Ridley and Malleson, 1969). Montagna and Carlisle (1979)
found that cutaneous nerves were little affected by age.
3) EFFECTS OF VITAMIN A DEFICIENCY IN ANIMALS:
a) GENERAL:
The effects of vitamin A deficiency have been reviewed by
Wolbachr Mason in 1954, Jolly in 1967 (a,b), Hayes in
1971, DeLuca in 1978 and Wolf in 1984. The morphological
effects of vitamin A deficiency are found in many
epithelia and in epiphyseal cartilage of growing bones.
Specific changes in these tissue can be observed as
primary consequences of the deprivation. The
morphological effects of vitamin A deficiency are most
pronounced upon growth and differentiation of tissues.
Skeletal growth may be retarded by deficiency of vitamin
A beyond the normal growth period of a species and be
resumed following vitamin A (Fig. F) administration,
though Mellanby (1944) and Howell and Thompson (1967a,b)
have shown excess osteoplastic activities occurs in
vitamin A deficiency.
All vertebrates require an outside source of vitamin A or
a carotenoid precursor for rhodopsin, for maintenance of
many epithelia, and for teeth and skeletal growth, which
have been mentioned early by Wolbach (1937) and Follis
(1948) after experiments on various mammalian species.
By tracing the medical literature, liver was recommended
as a cure of night blindness in an old Egyptian medical
Fig. F. Structural formulae of Vitamin A: most common derivatives
of all-trans-retinol, all-trans-retinal and all-trans-retinoic acid.
practice, the Ebers Papyras written some 3,500 years ago.
In 1915, McCollum and Hart proposed the name 'fat soluble
A', it was thought in those days, this missing substance
was needed to neutralize some hypothetical toxin in the
body rather than being of primary use to the body.
b) POSTNATAL EFFECTS OF VITAMIN A DEFICIENCY ON EPITHELIAL
TISSUES AND ORGANS:
An outstanding investigation of the tissue change which
occurs in vitamin A deficiency was reported by Wolbach
and Howe in 1925. Epithelia of ectodermal, mesodermal and
endodermal origin are similarly affected. Atrophy and
reparational proliferation of basal cells to form a
stratified keratinizing epithelium were mentioned. The
replacement epithelium after re-administration of vitamin
A, regardless of the original function and structures of
the region, is identical in all locations and comparable
in all its layers with epidermis (Wollbach, 1937; Follis,
1948; Wollbach and Bessey, 1942). The pathological effect
of vitamin A deficiency was reversible with full recovery
of morphology and function to normal (Wollbach and Howe,
1933).
i) EYE:
The nightblindness as a symptom of vitamin A deficiency
in the adult man is a reversible phenomenon and is
probably accompanied by morphological changes. In
addition, loss of vision can occur due to the compression
of the optic nerve and its surrounding blood vessels,
resulting from retarded growth of the skull due to lack
of vitamin A. Vitamin A deficiency can cause edema of the
retina, and in later stages degenerative changes of the
outer nuclear layer of the retina (Wolbach, 1954). This
finding coincides with the gradual increase of
intracranial pressure resulting from retardation of
growth of the skull and unretarded growth of the nervous
system (Wolbach and Bessey, 1941).
The recovery can be fast: in one case of induced night
blindness in man due to vitamin A deficiency recovery was
observed within hours after treatment with vitamin A
(Wald, Jeghers and Armino, 1938). In rats, recovery from
night blindness was demonstrated experimentally (Dowling
and Wald, 1958; Dowling, 1960; Auerbach, Guggenheim,
Kaplansky and Rowe, 1964, Schneider, Hood, Cohan and
Stampfer, 1977). After complete degeneration of the
outer nuclear layers of rods, the recovery requires a
longer period of therapy.
The epithelia of the cornea and bulbar and palpebral
conjunctiva became keratinized. Blood vessels grow into
the tunica propia of the cornea from the limbic plexus
concurrently with epithelial changes, and are found
throughout the thickness of the cornea. Keratinizing
metaplasia of the ducts and atrophy of the lacrymal
glands have been observed, together with the conjunctival
changes, resulting in loss of all secretion- xerosis.
Accumulation of keratinized cells in the conjunctival sac
leads to inflammatory reactions- xerophthalmia, edema
and necrosis of the cornea- hyperkeratotic epithelium.
Bacterial infection favoured by the accumulation of
keratinized cells results in ulceration of the cornea and
consequently hypopyon. On the whole, the gross ocular
manifestations in animals and in man appear late in
deficiency (Blackfan and Wolbach, 1933; Sweet and Kang,
1935; Wolbach, 1954).
Mori observed in 1922 xerosis conjunctivae and xerosis
corneae in eyes of vitamin A deficient rats. He suggested
that the impairment of the secretory apparatus of the
eyes was the cause of keratinization in the cornea and
conjunctiva. And the healing effect was indirectly after
improvement of the lacrymal glands. Yudkin and Lambert
(1923) attributed the changes to infection and assumed
that vitamin A deficiency might affect the production of
antibodies. The Harderian gland was seen by Wolbach and
Howe (1925) to be affected earlier than the lacrymal
gland but later than the submaxillary gland. Bitot's
spots are found in under nourished populations but Darby,
McGanity, McLaren, Paton, Alemu and Gebre-Medhen (1960)
failed to show a correlation between vitamin A deficiency
and Bitot's spots. However, keratomalacia was found to be
a specific sign of vitamin A deficiency. Mason (1954) has
reviewed the existing knowledge of xerophthalmia and
keratomalacia in man and its relation to vitamin A
deficiency. He defined xerophthalmia as a dry roughing
(Xerosis) of the conjunctiva and cornea associated with
whitish plaques on the scleral conjunctiva. In a recent
review by Tielsch and Sommer (1984) on the epidemiology
of vitamin A deficiency and Xerophthalmia, the
involvememt of retina, conjunctiva and cornea were
discussed. Sheldon and Zetterqvist (1956) found that the
cornea showed histological signs of keratinization.
Electronmicroscopically, there was an abundance of
'intracellular bridges' between cells of all layers.
Parrel! and Sherman (1962) showed a decrease in thickness
in corneal epithelium, the basal layers consisted only of
a single layer of cells with rounded or flattened nuclei
with fewer mitotic figures than usual. The keratohyaline
granules were enlarged towards the surface, where 'plate
like' sheets of keratin were found. These results were
not consistent with findings by Wolbach and Howe (1933)
who reported a marked increase in mitotic activity during
vitamin A deficiency. In contrast, vitamin A deficient
Wistar rats had a reduced mitotic rate in skin from the
Scapula region, the cornea and tracheal mucosa which
could be rectified by topical or systemic administration
of vitamin A (Sherman, 1961).
ii) RESPIRATORY TRACT:
Keratinizing metaplasia of the entire respiratory tract
occurs early in vitamin A deficiency (Wolbach and Howe,
1925; Wolbach, 1954). Atrophy of the epithelium and loss
of ciliary action favour bacterial infection even before
keratinization; lobular pneumonia has been a frequent
cause of death (Blackfan and Wolbach, 1933). It is well
established that the lowered immunoresponsiveness is a
sign of vitamin A deficiency (reviewed by Wolf, 1980;
Zile, Bunge and DeLuca, 1979 and Hof and Wirsing, 1978)
and an increase in the level of vitamin A improved
protection against infection (see review by Zile, Bunge
and DeLuca, 1979; Jayalakshmi and Gopalan, 1958 and
Bhaskaram and Reddy, 1975). Laboratory animals are more %•
vulnerable to natural or experimentally induced
infections (Bang, Foard and Bang, 1973; Darip, Sirisinha
and Lamb, 1979) and survive better, if maintained in a
germ free environment (Bieri, McDaniel and Rogers, 1969).
Moderate effects on serum complement levels (Madjid,
Sirisinha and Lamb, 1978) and moderate effect on antibody
production (Krishrand, Bhuyan, Talwar and Ramalingaswami,
1974, Ludovici, Axelrod, 1951) but diminished local
immune responses (Sirisinha, Darip, Moongkarndi,
Ongaskul and Lamb, 1980) was observed in the animals. In
a well controlled animal model, Nauss's group found that
the mitogen induced transformation response of splenic
lymphocytes was dependent at early stages on vitamin A
deficiency (Nauss, Chew, Ambrogi and Newborne, 1985). In
deficient rats, stomach granules from food were found in
alveoli of the lung. Development of bronchiectases,
atelectases and keratinizing wall cysts were the results.
Bronchiectases were caused by occlusion of bronchi by
desquamated keratinized cells. In a recent study on
tracheal epithelium of hamsters, barely detectable levels
of vitamin A in serum are sufficient to maintain normal
growth and differentiation of the tracheal epithelium.
When the serum level drops below detactable limit, there
is an inhibition of tracheal epithelial growth with
normal cellular differentiation. After prolonged vitamin
A deficiency, epithelial cells fail to maintain normal
differentiation and cornifying epidermoid metaplasia
becomes widespread (Strum, Latham, Schmidt and McDowell,
1985).
iii) ALIMENTARY TRACT:
The mucosal epithelia of stomach, small and large
intestines do not normally undergo keratinizing
replacement. During vitamin A deficiency slight atrophy
of gastric and intestinal glands can be found; the
oesophagus becomes hyperkeratotic. Sweet and Kang (1935)
presented evidence that the marked keratinization of the
esophageal mucosa was due to vitamin A deficiency. Moore
(1957) noted the appearance of blood in the intestinal
content, a distended stomach and intestinal tract in
vitamin A deficient rats. It appears that only severe
vitamin A deficiency produces changes in the
gastrointestinal tract (Jolly, 1967a). The fresh weight,
cell size, and protein synthesis capacity of the rat
submandibular gland, liver and pancreas were reduced
during vitamin A deficiency. Hepatic and pancreatic
content of DNA were reduced (Jokl, Araujo, 1978). These
findings were confirmed by pair-fed studies (Jokl and
Santos, 1980).
iv) SKIN:
Frazier and Hu (1931, 1936) reported cutaneous lesions
preceding keratomalacia associated with deprivation of
vitamin A. The lesions were observed in Chinese soldiers
who had subsisted for various periods on inadequate diets
which were particularly deficient in animal proteins and
fats. The signs were dryness and roughness of the skin,
spinosus palpulus of the hair follicles, lack of sweating
with fine scale fold of the skin. No changes in the oral
mucosa were observed. Microscopic hyperkeratosis of hair
follicles and epidermis, absence of sebaceous glands and
edema and homogeneous appearance of the elastic tissue
were also found. A comprehensive report of pathology of
vitamin A deficiency in the human was made by Sweet and
Kang in 1935. Lesions of the skin were found and similar
to those described by Frazier and Hu (1931). In animals,
atrophy of the epidermis and appendages due to vitamin A
deficiency were reported. No connective tissue changes
have been described. There was atrophy of the hair bulbs,
and of internal sheath cells in newly formed hair
follicles (Wolbach, 1954). Some degree of hyperkeratosis
of epidermis and hair follicles was found during vitamin
A and vitamin B deficiency (Sullivan and Evans, 1945).
Moult (1943) has observed keratotic plugs in hair
follicles of vitamin A depleted animals.
v) TEETH:
Vitamin A deficiency produces severe defects in the
incisor teeth of rats and guinea pigs. As in all rodents,
these teeth are continuously growing at a rapid rate, and
throughout life the odontogenic epithelium persists and
remains active both as tooth organizer and producer of
enamel. On the labial side the odontogenic epithelium
extends for the entire length of the incisor tooth as the
enamel-forming organ, on the lingual side it extends only
for a short distance acting only as an organizer without
forming enamel. Vitamin A deficiency primarily affects
the odontogenic epithelium which results in atypical
formation of incisor teeth in experimental animals.
(Wolbach and Howe, 1925, 1933, Schour, Hoffman and Smith,
1941). Such changes may involve alterations in
glycosaminoglycan (GAG) metabolism. At the basal
formative end of the tooth, growth continues but
differentiation is incomplete, and there is loss of
organizing influence which results in inadequate and
defective dentine formation associated with atrophy of
the odontoblast. The continuation of the growth of the
odontogenic epithelium, due to the excessively thin
dentine, may cause columns of epithelial cells to press
into the pulp. Another consequence is the defective
formation of dentine near the formation end.
More distally, the rate of dentine formation on the
lingual and lateral side of the tooth is greatly retarded
and the odontoblasts are without orderly arrangement and
resemble osteoblasts. On the labial side, where enamel
has been deposited, the odontoblasts remain columnar in
shape and ample dentine continues to be deposited until
atrophy of the enamel organ is complete. Therefore the
vitamin A deficient rodent incisor tooth has a
distinctive structure characterized by relatively great
thickness of dentine on the labial side and excessively
thin dentine elsewhere. Complete organ atrophy results in
loss of odontoblast morphology on the labial side.
Wolbach and Howe (1933) characterized the odontoblast as
a polarized osteoblast which lost its polarity following
atrophy of the odontogenic epithelium. Depolarization of
the odontoblast and distortions of the tooth as a whole
at its base or formative end are other specific results
of functional suppression of the odontogenic epithelium
as tooth organizer and enamel producer. The repair
sequence was simple and dramatic. Maturation of function
and morphology of the odontogenic epithelium was followed
by resumption of morphology and dentine deposition of
odontoblast (Pohto, 1938; Schour, Hoffman and Smith,
1941).
Studies have shown glycosaminoglycan (GAG) to be present
in active dentinogenesis and in higher concentrations in
predentine than dentine (Bhaskar, 1976; Engfeldt and
Hjerpe 1972, Linde, 1973 a,b,c). Chondroitin sulphates
are the most abundant GAG in dental pulp of man, rat and
rabbit. Pulp undergoing active dentinogenesis contains a
large amount of chondroitin sulphate and a small amount
of hyaluronic acid (Engfeldt and Hjerpe, 1972; Linde,
1973 a,b,c). Decreased dentinogenesis is accompanied by
a large reduction in total GAG-content in dental pulp
(Linde, 1973 a,b,c). GAG are localized also in predentine
and in a narrow zone of dentine immediately adjacent to
predentine (Hess and Lee, 1952, Irving, 1957, Symons,
1961).
Harris and Navia (1977) reported that lack of dietary
vitamin A resulted in increased uptake and accumulation
of sulphate in bone formation, indicating that an
increased amount of sulphated GAG accumulated during bone
formation in vitamin A deficient guinea pigs. They
postulated a regulatory role for vitamin A in GAG
metabolism. In 1984, Punyasingh, Hoffman, Harris and
Navia suggested that vitamin A deficiency affects
histodifferentiation of pulpal mesenchymal cells to
odontoblasts, as well as GAG distribution in pulp.
Administration of retinoic acid reduces the change in
vitamin A deficient animals, and therefore appears to
have some activity on dentinogenesis. In a recent report
on organ culture of the third molar from 12 days old
vitamin A deficiency rats, the calcium, potassium and
sulphur uptakes were lowered. Atrophic ameloblasts and
abnormal keratin were also observed. Vitamin A deficiency
imposed retarded dentinogenesis in the development of the
third molar with retarded dentigenesis and mineralization
of enamel and dentine (Navia, Snider, Punyasingh and
Harris, 1984).
vi) ENDOCRINE ORGANS:
Concerning the thyroid gland- which is of special
interest for the present study- hypertrophy of the
thyroid gland during vitamin A deficiency or no change
have both been reported (see review by Drill, 1943).
Nevertheless, a degeneration of thyroid epithelium was
also observed (Coplan and Sampson, 1935, Oliverean and
Serfaty, 1955). McCarrison (1917) found hypertrophy of
the rat thyroid during vitamin A deficiency. Enlarged and
inactive thyroid glands were observed during vitamin A
deficiency (Mitzkewitsch, 1934; Schulze and Hundhaussen,
1939). Vitamin A deficiency produced thyroidal
hypertrophy in the female but atrophy in the male. Iodine
deficiency produced hypertrophy in male and female
subjects. Vitamin A and iodine deficiency together
produced hyperplasia of epithelial cells of thyroid
tissue (Coplan and Sampson, 1935). The vitamin A did not
influence the utilization of iodine in the rat indicating
that the effect on the epithelium was one of the specific
action of vitamin A (Drill, 1943). In vitamin A deficient
rats, there were increased total serum thyroxine (T4)
(Garcin, Higueret, 1977; Morley, Damassan, Gordon, Pekary
and Herschmann, 1978), increased free T4 (Morley,
Damassa, Gordon, Pekary and Hershmann, 1978; Higueret and
Garcia, 1979) and free triiodothyronine (Morley, Damassa,
Gordon, Pekany and Hershmann, 1978; Higueret and Garcini,
1979; Garcini and Higueret, 1980) and changes in plasma
transport of thyroid hormones. But little is known about
thyroid hormone metabolism. In vitamin A deficient rats
the in vitro deiodination of T4 by homogenates of liver
was not affected (Galton and Ingbar, 1965).
Maguire, Dennehy and Cullen (1975) reported that during
hyperthyroid or hyperthyroxinemia state there were
increased peripheral conversion of T4 to T3. In 1982,
Higueret and Garcin suggested that the increased T4 half-
life in deficient animals was related to decreased 5'-
monodeiodase activity resulting from decreased
glutathionine availability. Also in deficient rats, the
T3 serum level was increased, the T3 biological half-life
was similar and the T3 distribution space was much
decreased. It has been shown that vitamin A in the serum
binds to a specific protein, the retinol-binding protein
(RBP) (Kanai, Raz and De Goodman, 1968; Peterson, 1971;
Muto and De Goodman, 1972; Glover, 1973; Glover, Jay and
White, 1974). More than 90% of the serum RPB is
associated with T4 binding prealbumin (TB-PA) which is an
important carrier of T4 in rats. During vitamin A
deficiency, there is marked decrease in RBP in serum
(Muto, Smith, Milch and De Goodman, 1972; Peterson,
Nilsson, Ostberg, Rask and Vahlquist, 1974). Navab, Smith
and De Goodman (1977) showed no change while Peterson,
Nilsson, Ostberg, Rask and Vahlquist (1974) showed a
moderate but significant decrease in TB-PA. In both
reports, the TB-PA: RBP concentration ratio is decreased
during vitamin A deficiency and is responsible for a new
distribution of thyroid hormones.
During vitamin A deficiency, male rats developed severe
manifestation of hypovitaminosis A earlier than female
with more extensive squamous metaplasia of the trachea
and more severe sialoadenitis, especially of submaxillary
gland. But females have earlier and more extensive
squamous metaplasia of the renal pelvis. It was suggestec
the hormonal differences account for the above findings
(Klein-Santo, Clark and Martin, 1980).
vii) BONE FORMATION:
After growth of the skeleton is completed, vitamin A has
no specific effect upon bone structure. In growing
animals, however, there are prompt and specific effects
which result in retardation of skeletal growth. The
interference with growth patterns of bone which is
distinguishable from the consequences of inanition,
produced by simple malnutrition (see review by Barnicot
and Datta, 1972). Deficiency of vitamin A is the only
known means of causing severe retardation of skeletal
growth before causing appreciable retardation of growth
of soft tissues, including the nervous system (Wolbach,
1947; Wolbach and Bessey, 1941). In an extensive study of
%
vitamin A deficiency in dogs, Mellanby (1944) found that
a prominent change in some bony tissue is an overgrowth
of bone in contact areas with nerves. Under normal
conditions, these were areas of bone resorption to allow
accommodation of nerves. This equilibrium between bone
formation and resorption was disturbed in vitamin A
deficient animals. Facial bones and the vertebrae were
particularly affected and had a coarse appearance (Fell
and Mellanby, 1955).
Histological analysis of the bones from deficient dogs
showed that osteoclasts and osteoblasts were abnormally
distributed. Both types of cells were abundant in
deficient bone but their topography varied. The excess
bone which narrowed the foramina of the vertebrae was of
callous nature. Mellanby (1944, 1950) likened vitamin A
to 'the director of building operations' in the bone and
concluded that it might be expected that in vitamin A
deficiency 'the working builders and demolition squad'
(osteoblasts and osteoclast) would either cease to work
or work in a completely disorderly way'.
It appears that excessive osteoblastic activity occurs in
vitamin A deficiency (DeLuca, 1978). The normal pattern
of growth of the petrous bone of the rat is different
from that of the dog. In the latter vitamin A deficiency
caused continuation of appositional bone growth with
compression of the eight nerve. This cannot be seen in
the rat, although comparable building up of bone occurs
in a closely adjacent situation indicating that the
consequences of changes in the skull vary with the
species. Thus, deafness in dogs (Mellanby, 1938, 1941)
and blindness in calves (Moore, 1939) are early results of
deficiency.
During vitamin A deficiency, there is formation of
nodular bone in the internal auditory meatus, the
cribiform plate, the cochlear aqueduct and the modiolus
within the cochlea of the rabbit which cannot be related
to normal growth patterns but which can be related to
lesions by acidosis and ligation of blood supply. The
sites of these bony nodules are determined by the
formation of islands or buds of vascular connective
tissue (Wolbach, 1954).
Mellanby (1950) attributes the skeletal changes resulting
from vitamin A deficiency solely to its effect upon the
function and activity of osteoclasts and osteoblast and
he found that diminuition in osteoclast and osteoblast
activities remained essentially unchanged, thus
accounting for the greater thickness of bones and
alterations in contours. Wolbach and Bessey (1941) have
observed the return of normal epiphyseal cartilage
sequences if vitamin A is given to the rats before the
onset of paralyse, but the rats nevertheless show slight
buckling of nerves within the spinal canal. The
epiphyseal cartilage cells in all layers return to normal
by resumption of mitotic activities, growth and
maturation.
viii) NERVOUS SYSTEM:
Severe nervous disorders such as blindness,
incoordination, spasms and paralysis have been reported
during vitamin A deficiency (Aberle, 1934, Wolbach and
Bessey, 1942). Hart, Miller and McCollum (1916) have
fed swine a diet low in vitamin A. After 9 months,
growth ceased followed by loss of weight, difficulty in
locomotion, development of a rough coat, laboured
breathing and muscular twitching. Mellanby (1931)
reported experiments in which puppies fed a diet
deficient in fat soluble vitamins, developed symptoms
like severe incoordination, spasticity and weakness. On
the other hand, Steenbock, Nelson and Hart (1921, 1922)
reported that the impaired coordination and spasms in
pigs, chickens and cows due to lack of vitamin A. Aberle
(1934) reported disabling paralysis in rats suffering
from chronic deficiency of vitamin A. But in the
comprehensive review, Wolbach stated in 1954 that no
proof for degeneration of the nervous system resulting
from vitamin A deficiency had been found. Long lasting
deficiency in fully grown animals does not result in
disabilities of nervous origin or demonstrable lesions of
the nervous system. In young animals, during the rapid
period of growth, damage to the nervous systems results
from compression of brain, spinal cord and nerve roots
caused by the retarded skeletal growth. The cranial
cavity and spinal canal fail to enlarge sufficiently
towards the foramen magnum and herniations are formed to
accommodate the central nervous system, which continues
to grow at the normal rate. The result in the cranial
cavity is compression of the brain and its dislocation
towards the foramen magnum and multiple herniation of the
cerebrum and cerebellum into the venous sinuses of the
dura at sites of arachnoidal villi.
In the spinal canal, vitamin A deficiency results in
overcrowding of its contents. Those dorsal and ventral
nerve roots in the rat and guinea pig which arise distal
to the midthoracic region and leave the spinal canal at a
lower level become too long for the intervertebral
distances between levels of origin and exit. Buckling and
herniation into intervertebral foramina and into
posterior root ganglia cause atrophy of bone and
herniation into the bodies of vertebrae. In rats
appositional growth of bone is not a cause of pressure
upon spinal nerves as in the case in dogs (Mellanby,
1941, 1950).
Degenerative changes in nerve fibres have been observed
in severely vitamin A depleted animal (Takeshita and Ko,
1965; Howell and Thompson, 1970) with reduced nervous
conduction velocity (Ceriani, Ventura, Bricca and Rindi,
1973). Takeshita and Ko (1965) observed marked
degenerative changes of nerve fibres specifically in the
cornea with moderate destruction of sensory endings.
Howell and Thompson showed an early nerve fibre
degeneration only in some of the quails studied and only
a small amount of Marchi positive material was found.
Smith (1956) and Strich (1968) had shown that the Marchi
stain would blacken abnormal myelin shortly after nerve
degeneration had occured.
It was suggested that vitamin A depletion causes a
derangement of the neurosympathetic system, hence the
animals cannot respond appropriately to stress (Mizutani
and Nakano, 1982). Nakano and Mitzutani (1984) found
increased urinary excretion of noradrenaline and
adrenaline in vitamin A deficient rats but a reduction in
number of beta-adrenergic receptors in the spleen.
Torda, Yamaguichi, Hirata and Axelrod (1981) also found a
loss in number of beta-adrenergic receptors in spleen and
heart.
For the cutaneous sensory receptors, the responsiveness
of s.a.I cutaneous mechanoreceptor was reduced during
vitamin A deficiency employing constant displacement
mechanical stimulation (Hamann and Lee, 1982).
c) VITAMIN A REQUIREMENT IN RATS:
The early studies of Guilbert, Howell and Hart (1940)
demonstrated that the amount of vitamin A required by an
animal was related to its body weight rather than to its
energy uptake. This concept appears to be logical since
vitamin A is related to maintenance of the integrity of
body epithelium, which itself is directly correlated with
body mass (Mitchell, 1950). It appears that for mammals,
12 ug of beta-carotene or 20 I.U. of vitamin A per
kilogram body weight is the minimum daily requirement to
support growth and prevent gross symptoms of deficiency
(Goss and Guilbert, 1939). For storage, reproduction and
lactation considerably higher requirements must be met.
Lewis, Bodanskly, Falk and McGuire (1942) showed that 250
IU per kg of rat per day resulted in maximal growth with
a trace of stored liver vitamin A and 500 IU per kg
yielded maximum blood levels with a moderate amount of
liver storage. Paul and Paul (1946) recommended 100 to
200 iu per kg of rat per day as being optimum for maximal
gain and longevity. Sherman and Trupp (1949) produced
greater longevity and slightly more gain in body weight
in rats on diets containing 12,000 IU per kg of diet, or
approximately 1200 IU per kg of body weight per day.
Fraps (1947) fed alfalfa which contained beta-carotene to
rats, the number of litters and young, percentage alive
and weaning weights were greater with carotene levels up
to 8 ppm. Assuming 1 IU of vitamin A equivalent to 0.6 ug
of carotene, this corresponds to 13,000 IU of vitamin A
per kg of diet (Rubin and DeRitter, 1954).
From the above studies, it appears that a minimal
requirement for growth should be approximately 2013 IU per
kg of rat per day, or 2000 IU per kg of diet. This level
should give excellent gains, optimal longevity and some
traces of liver storage. For reproduction,, Sherman and
Trupp (1949) and Fraps (1947) suggested a daily
requirement of 1200 ID per kg of body weight or 12000 per
kg of diet. All the levels suggested above are well in
excess of the minimum requirement to prevent overt
symptoms of deficiency (Warner and Breuer, 1972).
Under practical feeding conditions, a mixture of
carotenoids, some of which are precursors of vitamin A,
as well as vitamin A itself are used. Account must be
taken of the biological potency of the individual
carotenoids. Different isomeric forms have different
biological potency (DeLuca, 1978). When carotene is to be
used as the main source of the vitamin A, a considerably
larger amount is required (Mattson, 1954). By measuring
the uptake and storage of vitamin A, the vitamin A
requirement was found to be increased with age (Mattson,
1954).
Rodent Laboratory Chow 5001C from Purina is widely used
in many animal houses as standard rat chow containing 10
IU vitamin A per g and 0.5 ppm carotene. For a normal
adult rat, the daily consumption of diet is 12 to 15 gm
i.e. the daily intake of vitamin A and carotene will be
120-150 IU and carotene corresponding to about 133-163 IU
of vitamin A, which gives a total of more than 200 IU per
day for the rats. This amount of vitamin A has been
proved to be sufficient for normal growth and development
of rats (Warner and Breuer, 1972).
4) OTOTOXICITY OF AMINOGLYCOSIDES- NEOMYCIN:
a) INTRODUCTION:
Hawkins (1976) defined ototoxicity (a term he introduced
in 1951) as the tendency of certain therapeutic agents
and other chemical substances to cause functional
impairment and cellular degeneration of the tissues of
the inner ear, especially of the end organs and nerves of
the cochlear and vestibular divisions of the Vlllth
cranial nerve. Other drugs which may affect hearing or
equilibrium by acting primarily on the brain stem nuclei
and central pathways of the auditory or vestibular
systems may be regarded as neurotoxic, but they can
hardly be said to be ototoxic in the strict sense of the
word (Hawkins, 1976). Hinshaw and Feldman (1945) found
that streptomycin was effective to act against
tuberculosis, and this was the first antibiotic used as a
tuberculostatic agent. Brown and Hinshaw (1949) observed
disturbances of the equilibrium sense in patients treated
with this drug. The side effects of this therapeutic drug
led to the findings of impairment of vestibular function
and of hearina.
The four most commonly used aminoglycosides: neomycin,
kanamycin, gentamicin and tobramycin constitute a group
distinct from streptomycin. They all contain the base
deoxystreptamine linked to various aminohexoses, whereas
streptomycin contains streptidine (refer to Fig. G).
Unlike the rest, neomycin consists of three sugar rings
rather than two, one of them being the pentose, ribose
(ring III) (Fig. H). Different structures have different
anti-microbial activities (Benveniste and Davies, 1973).
b) MORPHOLOGY OF THE INNER HAIR CELLS:
The organs of the acoustico-lateralis system originate
from an ectodermal thickening of the otic placode during
ontogeny. Despite the structural rearrangements during
the development of the labyrinth and of the lateral line
system, the organs maintain their epithelial
organization. The epithelial cells lie in a continuous
sheet and separate two dissimilar fluids. (review by
Hudspeth, 1983). The structural organization of inner
hair cell has been studied by Ades and Engstroem in 1976,
Engstroem and Engstroem in 1978 and Engstroem in 1983.
The inner hair cell has an ovoid cell body from which a
slightly bent neck portion reaches the cuticular surface
(Fig. I). A cuticular thickening with stereocilia
characterizes the surface. Below this, one can
distinguish an infracuticular, a supranuclear and an
intranuclear region. The surface of the cell is oval with
its long axis lying parallel to the tunnel of Corti. The
surface varies from coil to coil such that the closer to
the base, the smaller is the radial diameter as measured
Neuroepithelia
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Fig. G. Structural formulae of four aminoglycosides containing
aminocyclitol 2-deoxystreptamine (Ring II). Groups circled are
those which differ among various gentamicins, kanaraycins and
similarly closely related families of antibiotics. From Hawkins
(1976).













Fig. I. Schematic drawing of: A- inner and B- outer hair cells
showing the general principles of their structural organization in
the ear. From Ades and Engstroem (1974)-
from the modiolar axis. The upper border (plasma
membrane) is closely attached to the cuticular plate, and
it covers the stereocilia protruding from the surface.
One small area is cuticle-free, and in this area, a basal
body or modified kinocilium is usually found. A centriole
is found below the basal body.
The cuticular plate of inner hair cells has a thickness
of about 1-2 um and it forms an anchorage for the
rootlets of the sensory hairs. From the rootlet, the
hairs or stereo-cilia extend to lengths varying according
to the row to which each belongs. The rows nearest to the
inner pillar cells are the longest (6-7 um), and the
remaining rows become progressively shorter towards the
modiolus. Their diameter may be smaller than 0.3 um. The
rootlet is thinner and denser than the hair proper. It is
tube like and seems to be formed by long thin fibrils
which reach from the tip of the root to the top of the
hairs. The lower portion of the hair has a central core
which is a continuation of the rootlets. The
infracuticular region of the inner hair cells contains a
well developed endoplasmic reticulum. Several
Polyribosomes can be seen. Many ovoid mitochondria whose
inner structures show high density and thin mitochondrial
cristae are present. Directly below the cuticle are thin
filaments which can be followed far down into the inner
hair cell, possibly to the synaptic region (Ilberg, 1969;
Engstroem and Engstroem, 1972). Some multivesiculated
bodies have been observed as well. The supranuclear
region contains several well developed Golgi complexes
with occasional lysosomes.
Along the vertical sides of the inner hair cell is a
single layer of a discontinuous membrane. The
intranuclear region takes up a large portion of the
sensory cell. The nuclei are found close to the base. Two
or three thin cisterns with ribosomes can be seen in
circumscribed areas in the intranuclear region. Groups of
mitochondria are found close to these membranes.
Occasionally, the rough endoplasmic reticulum membranes
and the groups of mitochondria form a ball-shaped
agglomeration in the infranuclear region. Such ball
shaped agglomerations appear after intense stimulation by
sound and in animals which have been injected with A
ototoxic antibiotics. The nucleus of the inner hair cell
is almost round. It has a delicate chromatin network with
the chromatin forming some denser regions. The nucleus
has one or two well developed nucleoli and nucleolus-
associated chromatin.
The inner hair cells are in contact with afferent and
efferent nerve endings in their lower halves, and
synaptic structures are seen in those regions. The
synaptic structures consist of invaginations, synaptic
densities and synaptic bodies or bars.
The inner hair cells are enclosed by sustentacular cells:
externally, by the inner pillar cells; medially by the
border cells. The border cells display a large number of
microvilli on their free surfaces. Certain areas of the
lower part of the inner hair cells are apparently free of
surrounding cells or nerve endings. It is probable that
these areas are in direct contact with the internal fluid
of the organ of Corti. It is also probable that the fluid
is confluent with that of the tunnel of Corti. It is
called cortilymph (Ades and Engstroem, 1974) and first
described by Engstroem (1960). Ilberg and Vosteen (1969)
and Vosteen (1970) found that it closely resembled
perilymph which was confirmed by Angelborg and Engstroem
in 1972.
c) INNERVATION OF THE COCHLEAR HAIR CELLS:
Based on the study by Ades and Engstroem (1974), the
myelin dendrites from the ganglion cell shed their myelin
sheathes below the axial attachment of the basilar
membrane, penetrate the fibrous plate on the modiolus
side of the inner pillars, and go into the inner hair
cells. Synaptic contacts are formed in one or more
locations. On their way to the inner hair cells, they mix
with great numbers of helically running nerve fibres of
the inner spiral bundle (ISB). There are regions in which
synaptic contacts with afferent dendrites from inner hair
cells are seen and possibly contacts in some fibres were
seen from outer hair cells. Engstroem and Engstroem
(1972) and Engstroem and Ades (1972) have found large
numbers of dense-cored vesicles in the swellings. The
inner spiral bundle contains the largest number of the
vesicles in the organ of Corti. Vesicles can also be seen
in the spiral tunnel bundle (STB) and a few in the
granulated endings under inner and outer hair cells. The
inner hair cells received 90-95% of the total afferent
innervation of organ of Corti (Spoendlin, 1969).
The nerve endings at the bases of inner hair cells form
synaptic contacts with the plasma membrane of the cells.
There are one or more synaptic areas. The synaptic areas
are highly osmiophilic and have a presynaptic
differentiation in form of invaginations, synaptic bars
or bodies in the hair cell. They may be of this coated
type, that is invaginations with short spiny processes on
the sensory cell side. They contain vesicles of up to 80
nm in diameter. Dense-cored granules are not frequently
found in the afferent nerve endings (Ades and Engstroem,
1974).
The membrane specialization of hair cell synapses have
been reported in detail in the chinchilla (Gulley and
Reese, 1977). Saito and Hama (1984) found from freeze
fracture studies that intramembraneous particles of 10 nm
in diameter were aggregated on the ridge on the P-face of
the presynaptic membrane directly beneath the synaptic
rod in the inner ear hair cells. Similar findings were
also obtained in submammalian vertebrates, e.g. the
lateral line canal organ (Benshalom and Flock, 1980),
lizard basilar papilla (Bagger-Sjoebaeck and Flock, 1977)
and teleost fish inner ear (Hama, 1980).
d) HISTOPATHOLOGICAL STUDIES:
i) NEUROEPITHELIA:
The first histological findings published by Causse in
1949 ind icated that the major sites of the ototoxic
action of aminoglycosides were the sensory endings of the
cochlear and vestibular nerves. This was confirmed by
Ward and Ferandez (1961) and Kohonen (1965) with
kanamycin and neomycin. The chronic effects of repeated
Parenteral administration are less dramatic but equally
lasting (Hawkins, 1976). In the cochlea, aminoglycosides
caused nuclear swelling and marked disturbance of
subcuticular organelles with vacuolization of the
cytoplasm after disappearance of the subcuticular
organelles. (Hawkins and Engstroem, 1964; Kohonen,
1965). Using Kanamycin, Darrouzet and Guilhaume (1974)
conducted an electronmicroscopic study with daily
control of changes in the hair cells following daily
injections of 400 mg kanamycin per kg for 7 days in
guinea pigs. The Golgi apparatus increased in the
subanticular region of the outer hair cells of the basal
turn on day 3. Lysosomes appeared on day 7 in the same
region. The lysosomes congregated beneath what one might
term the fontanel, where the cuticular plate is
incomplete, with only a thin covering of plasma membrane
on the hair cell surface two days after the last
injection. Subsequently the stereocilia began to fuse.
One day later the cells burst and the content was
extruded and a phalangeal scar was left with an orderly
array. After degeneration of hair cells, the reticular
lamina recovered itself by expansion of the phalangeal
plates of the supporting cells. In contrast, under the
influence of neomycin or gentamicin, the phalangeal scars
were in a disorderly pattern, but an orderly pattern
could be seen in the surface preparation of the organ of
Corti (Merkle, Plattig and Keidel, 1968). With prolonged
treatment and serious injury, the organ of Corti may be
replaced by an undifferentiated pavement epithelium
covering the basilar membrane, at least in the lower
basal turn (Kohonen, 1965; Hawkins, 1976). In 1974,
Ylikoski has compared the degenerative changes in
cochlear hair cells of guinea pigs after gentamicin,
kanamycin and neomycin treatment. Neomycin seemed to
attack the hooked area of the apical coil first and
displayed a clearcut affinity for attacking the inner
hair cells of the apex. Inner hair cells were seldom
damaged after administrations of kanamycin and gentamicin
which usually attacked outer hair cells. He suggested
that the animals must be allowed to survive at least 3
weeks after treatment before correlative studies between
function and morphological changes are to be made.
A quantitative estimate of the cochlear damage can be
made by counting the missing hair cells and plotting the
percentage of hair cells remaining on successive portions
of basilar membrane in the form of a cytocochleogram
(Engstroem, Ades and Anderson, 1966). Daily subcutaneous
injections of tobramycin 100 mgkgday for 2 weeks caused
a loss in outer hair cells and a reduction in microphonic
potentials recorded at the round window in the basal
turn. On the other hand, after kanamycin treatment the
stereocilia of the inner hair cell were found bent and
swollen. After gentamicin administration subcutaneously
into guinea pigs, the cochlea was severely damaged and
only remnants of sensory cells in the apical parts
remained. The degeneration of cochlear hair cell starts
in the outer hair cells of the basal coil and proceeds
towards the apex. The pattern of degeneration includes
nuclear swelling, decrease in ribosome content,
mitochondrial degeneration and at an advanced stage,
sensory hair-degeneration. If the antibiotic was given
locally into the middle ear, the damage was stronger
(Wersaell, Bjorkroth, Flock and Lundquist, 1973). Uziel,
Gabrion and Romard (1979) injected kanamycin into
pregnant guinea pigs, the outer hair cells of the basal
parts of the cochlea in the newborns were affected, the
hair cell degeneration pattern was similar to that
previously described in adults. A detailed investigation
on the ultrastructural change of the surface of the organ
of Corti due to neomycin ototoxicity in cats was done by
Leake-Jones, O'Reilly and Vivion in 1980. After systemic
injection, the basic structure of the organ of corti and
its fluid space was maintained although no hair cells
remained normal. The myelinated auditory nerve fibres in
the osseous spiral lamina and cochlear spiral ganglion
cells were normal. When neomycin was introduced into the
perilymph directly, damage to the ventricular membrane
was observed after 2 hours. And after 24 hours, the
organ of Corti was severely damaged, and demyelination
and degeneration of some auditory nerve fibres in the
osseous spinal lamina had occurred. Similar results about
damage in the organ of Corti and in the neural element
had been reported by Kaneko, Terayama, Kawamoto, Kasajima
and Ise (1978) and Terayama, Kaneko, Kawamoto and Sakai
(1977) respectively using streptomycin.
Patas monkeys which have been trained for behavioural
audiometry were subjected to kanamycin, neomycin or
dihydrostreptomycin. Extensive loss of outer hair cells
occurred related to the degree of hearing loss. The patas
monkey had a 60-90 dB loss for all frequencies above 1
kHz as a result of dihydrostreptomycin treatment. The
inner hair cells in the basal turn were lost (Hawkins,
Johnsson, Stebbins, Moody and Muraski, 1976). No
perceptible loss of hair cells was observed after 5 days
of gentamicin administration in suckling guinea pigs, but
if combined with exposure to noise of 76 dB, there were
widespread changes on outer hair cells throughout the
cochlea. In addition to apical damages, a more basal area
of cell loss appeared in the spiral organ (Dodson,
Bannister and Douek, 1982).
ii) SECRETORY TISSUE:
Pathological changes in the stria vascularis after
streptomycin treatment was found as early as 1951 by
Ruedi, Furrer, Graf, Nager, Tschirren and Luthy in guinea
Pigs and in man. With dihydrostreptomycin, depletion of
succinic acid dehydrogenase was also observed before any
effects on the organ of Corti with the conclusion that
hair cells loss must occur as a result of impairement of
respiratory metabolism of the stria (Muesebeck and
Schaetzle, 1962). Johnson and Hawkins (1972) had shown
the atrophic changes in animals during aminoglycoside
treatment. The marginal cells became shrunk with loss of
mitochondria and reduction in the length of their basal
Processes. With the additional loss of hair cells, the
stria might be reduced to less than half of the original
thickness. This was a common effect after gentamicin or
neomycin treatment. Both substances have also a stronger
nephrotoxic property than kanamycin.
9) MODE OF ACTION:
Aminoglycoside antibiotics were believed to inhibit the
synthesis of protein (Beard, Armentrout and Weisberger,
1969). Schacht (1974, 1976) found that neomycin affects
the lipids of the cell membrane instead of inhibiting
protein synthesis. In a study of the rapidly transported
protein in neomycin treated waltzing guinea pigs, in
addition to hair cell loss and a slow degeneration of
spiral ganglion, there were increases in rapidly
transported protein (M.wt. 27,000 and 36,000 daltons) in
cochlear nuclei. These proteins were found to be the
membrane associated glycoproteins (Wenthold and McGarvey,
1982). Neomycin was found to inhibit phosphoinositide
metabolism, which is believed to be essential in the
control of membrane structure and permeability.
Incorporation of labelled-orthophosphate into the
phosphoinositide of the organ of Corti and stria
vascularis is decreased by daily injection of neomycin
Parenterally (Schacht, 1976). Using homogenized tissue,
neomycin blocks the hydrolysis of phosphatidylinositol
diphosphate and inhibits the binding of calcium. Neomycin
occupies the binding site for Ca++ with a part of its
molecule, while the other basic groups binds to the
anionic sites of the lipid. Therefore, the membrane
structure is disturbed and the dephosphorylation
phosphorylation cycle is interrupted. As a consequence
the cell is unable to function properly. The findings
from Schacht (1976) were supported by studies on planar
membrane by Sokabe, Hayase and Miyamoto (1982).
Kilian and Schacht in 1980 found that intermittent 40 kHz
sound pulses at 75 dB sound pressure level increased the
metabolic activity of polyphosphatidylinositol (PPI)
monoester and the uptake of labelled phosphate by
monophosphoinositide in the auditory organ of a moth.
They proposed that acoustic energy is transduced into a
generator potential by regulation of phosphorylation
dephosphorylation of PPIs. The protective effect of Ca++
against the acute ototoxic effect of streptomycin was
recognized since the antibiotic was first isolated.
Muckter (1961) discussed the relationship between the
pharmacology of aminoglycosides and Ca++.
Schacht (1976) demonstrated a high rate of
polyphosphoinositide (PPI) metabolism in the inner-ear
and interference with the metabolism by neomycin. The
basic groups of the antibiotic bind directly to the PPIs
in the membrane and interfere with the control of
selective membrane permeability. Such binding. imposed
conformational changes on the membrane. These can also
explain the suppression of mechanosensitivity of the
Lateral Line Organ (LLO) by neomycin (Shizowa and
Yanagisawa, 1979; Yanagisawa, Yoshioka and Katsuki,
1984).
To investigate the effect of neomycin on
mechanosensitivity, neomycin in distilled water at
concentrations of 1:500,000 to 1:10,000 was applied to
the lateral line organ of the mudpuppy. Electrical
activities in lateral line nerves were recorded by a
suction electrode enclosing one of the neuromasts of a
stitch (Shizowa and Yanagisawa, 1979). Sine wave
mechanical vibration of 8 Hz was employed as the stimulus
through a 50 urn diameter glass ball. When neomycin at a
concentration of 1:10,000 was applied, afferent
synchronization was completely suppressed. After changing
back to distilled water, recovery occured gradually. The
afferent synchronization had improved by application of
20 mM CaC12 solution by five times compared with that in
distilled water. Addition of Na+ and K+ to the solution
had very little effect as compared to the same
concentration of Ca++.
Sand (1975) suggested that Na+ and K+ might influence
mechanosensitivity indirectly by influencing the Ca++
effect. From experiments using EDTA to remove Ca++ from
the environment (Sand,.. 1975; Yanagisawa, Asanuma and
Shiozawa, 1977), it was found that neomycin competes with
Ca+-f for membrane binding sites. In the guinea pig
cochlea, however, Ca++ does not produce recovery from the
effect of neomycin on the cochlear microphonics and
summating potential. This may be partly due to the fact
that in the cochlea increase of Ca++ alone leads to a
decrease of the cochlear microphonics (Katsuki, 1982).
Polyphosphoinositides (PPIs) are compounds containing
residues of inositol, a structural isomer of glucose
which is commonly found in the brain. The phosphate
groups turn over rapidly in comparison with those of
other lipids. The suppressive effect of neomycin was
reversed by application of excess calcium which supports
the concept of competitive occupation of sites on the
membrane by neomycin and calcium (Sand, 1975; Yanagisawa
et al., 1977). Orsulakova, Stockhorst and Schacht (1976)
have carried out an in vivo study of labelled phosphate
incorporation into phosphatidylinositol diphosphate in
the inner ear of guinea pig. Neomycin was found to
decrease the binding in the organ of Corti and stria
vascularis. In homogenates of inner ear tissue, the
labelling of the polyphosphoinositides by radioactive
Phosphate labelled ATP was increased and hydrolysis of
these lipids was blocked in the presence of 0.1 mM
neomycin. Neomycin competitively inhibits the binding of
Ca+4- in the homogenates.
Interactions between aminoglycosides and phospholipids
can be measured directly by means of 31P nuclear magnetic
resonance (NMR). Havashi and his colleagues (1979)
extracted triphosphoinositides (TP I or
phosohatidvlinositol 4, 5-diphosphate) and
diphosphoinositol (DPI) from brain and measured its 31P
NMR (see review by Katsuki, 1982). The shift of
individual resonance absorption peaks indicated the
magnitude of interactions. When CaCl solution was added
into the mixture of water and chloroform-methanol TPI
solution, the two monoester peaks moved linearly towards
higher fields in proportion to the Ca++ concentration,
while no change was observed in the diester group.
Calcium at low concentration may interact with 4 and 5
triphosphates of TPI simultaneously but not with
phosphodiester. If the concentration of Ca++ is higher
than 20 mM, the phosphodiester is affected and while the
two phosphomonoesters remain unchanged indicating
saturation. There exists a phosphomonoester saturation
Point for Ca++ filtration (Hayashi, Inoue, Amakawa and
Yoshioka, 1980). When Ca++ was replaced by neomycin, the
neomycin effect flattened out at about 1 mM. Although the
shift by neomycin was less than the maximum of that of
Ca++ alone, pretreatment of neomycin prevented any
further shift by Ca++ at concentrations up to 3 mM
because neomycin already occupied all available reaction
sites. Neomycin binds to the monoester phosphates of the
TPI and prevents Ca++ from binding to any position. If
the TPI acts as a receptor for Ca++, neomycin toxicity
can be considered as the inhibition of Ca++- TPI
interaction.
For a bilayer lipid membrane, TPI could not affect
membrane permeability but the lyso-type compound (LTPI)
was a highly effective channel type ionophore (Hayashi,
Sokabe, Takagi, Hayashi and Kishimoto, 1978). Yoshioka,
Inoue, Hotta (1982) found that phosphatidic acid (PA)
which is classified as acidic lipid, as well as PPI, may
be important in visual transduction, suggested that PA
may serve as a Ca ionophore. Later, Hayashi, Sokabe and
Amakawa (1981) used LTPI to make a univalent cation
channel in a lipid bilayer membrane and found that Ca++-
TPI interaction regulated the membrane conductance.
Maeno and Enomoto (1980) proposed the existence of a
material X at nerve ending after using 4-aminopyridine, a
calcium influx facilitator to act on the interaction of
Ca++ and neomycin. The substance X can form a complex
Ca4X. Since the TPI has four negative charges as a
phosphomonoester, X could be TPI. These results are
suggesting that interaction of Ca++-TPI may be important
Physiologically, and studies on Ca++-TPI and neomycin-TPI
interaction should enable further understanding of
neomycin toxicity.
In 1983, Jorgensen investigated the effect of variation
in calcium ion concentrations on the degree of
synchronization between afferent spike activity and
mechanical stimulation, which is a measure of the
mechanoelectric transduction. 4-aminopyridine has effects
only at low calcium concentration leading to the
suggestion that the transducer channels are controlled by
the Ca++ concentration. There are three possible kinds of
membrane sites where uptake of Ca++ might occur. Membrane
proteins and mucopolysaccharides with their negative
charges could both attract the positively charged Ca++.
The membrane phospholipid, TPI, is known to change its
nature from hydrophilic to hydrophobic upon combination
with calcium ions.
In an in vivo experiment using ATP with labelled
phosphate to study the metabolism of PA and PPI in the
inner ear, Yanagisawa, Yoshioka and Katsuki (1984) found
that the labelling of PPI in high K+ solution was higher
than in high Na+ solution. Sound stimulation enhanced
labelled phosphate incorporation into PPI and neomycin
suppressed this effect suggesting that PPI metabolism is
involved in auditory reception. The increase in
radioactivity of PA might be due to an increase of K+ and
mechanical stimulation by sound, since PA is formed from
triglycerides (DG) by phosphorylation using ATP with the
aid of kinase. The mechanism may be related to the change
in intracellular concentration of calcium release because
PA may serve as a Ca ionophore (Yoshioka et al., 1982).
To investigate whether TPI and neomycin can recognize the
same binding site of a monoclonal antibody raised
antibodies against TPI (Greenberg, Trevor, Johnson and
Loh, 1979). Neomycin solution of 1:10,000 was applied to
(Antigen-antibody)
the Ag-Ab reaction medium. The reactivity between
monoclonal antibody and TPI or PA were reduced to 25% or
75% respectively. The reactivity of the antibody to TPI
or PA were about the same (Yoshioka and Inomata, 1983).
In 1984, Horikoshi, Yanagisawa and Yoshioka used TPI
antibody to stain cochlear hair cells with the protein A-
gold technique. TPI was detected on the stereocilia,
kinocilia and the cuticular plate of hair cells. In a
similar paper (Tachibana, Morioka, Machino, Oshima,
Mizvkoshi, Mizukoshi and Yoshioka, 1984) detected TPI in
mitochondria, cell membranes and nerve endings.
The phrenic nerve-diaphragm preparation had been used to
study the mode of action of aminoglycosides. Neomycin
depressed the response of rat diaphragm preparation to
Phrenic nerve stimulation and to injected acetylcholine.
Wright and Collier (1977) suggested that the antibiotic
has an effect on the sympathetic system by blocking the
acetylcholine release in the presynaptic ganglion. In
this way neomycin should reduce post-ganglionic
noradrenaline release. From histological studies, Verzin
and Egorov (1973) found that neomycin applications to the
conjunctival sac of the eye caused degeneration of
corneal nerves after 20 days of treatment.
In 1978, there were 2 reports concerning the competitive
antagonism between calcium and aminoglycosides at the
neuromuscular junction. All the aminoglycosides including
neomycin resembled magnesium in blocking neuromuscular
transmission, the neuromuscular blockade being almost
completely reversed by calcium suggested an interference
of the antibiotics with the cooperative interaction of
calcium ions with specific receptive sites at the
presynaptic membrane of the neuromuscular junction
(Prado, Corrado, Marseillan, 1978; Singh, Harvey and
Marshall, 1978). Similar results were obtained on guinea
pig intestinal smooth muscle. Morais, Corrado and Suarez-
Kurtz (1979) proposed 2 mechanism: 1) competition between
antibiotic and calcium for binding sites of transport
system which carries the activator ion to the myoplasm;
2) interaction of antibiotic with membrane sites that
regulate calcium permeability with a consequent reduction
of calcium passage to the cell. Kakishima (1982) found
that the chelating effect of the primary or secondary
amines which were the terminal nitrogen free radical of
aminoglycosides to calcium in extracellular fluid might
cause neuromuscular blockade.
from the available experimental data, there are three
ways in which aminoglycosides might block transduction:
(see review by Hudspeth, 1983)
1) As a consequence of their cationic nature, the drugs
may compete with Ca++ for a binding site that
activates transduction. An increased Ca++ concentra¬
tion in the fluid bathing the apices of hair cells
counteracts the effects of aminoglycosides (Kroese and
van den Bercken, 1980; Yanagisawa, 1981).
2) Aminoglycosides might interfere with the transduction
by blocking the turnover of polyphosphoinositides in
the membrane of hair cells (Schacht, 1974, 1976,
1979). There was a direct relationship between the
ototoxicities of aminoglycosides and their strengths
of binding to lipid films (Lohdi, Weiner and Schacht,
1976, Lohdi, Weiner, Mechigian and Schacht, 1980).
Polyphosphoinositides turnover is stimulated by sound
exposure in an insect's auditory organ (Kilian and
Schacht, 1980).
3) The poor ionic selectivity of the transduction channel
seems to possess the suggestion of a third possible
ototoxic action for aminoglycosides: the cationic
functional groups on these drugs enter the
transduction channel and block it by 'plugging' (Corey
and Hudspeth, 1979; Ohmori, 1985). The interference of
tetraethylammonium ion with transduction (Katsuki,
Yanagisawa and Kanzaki, 1966; Salt and Komishi, 1979;
Katsuki, 1982) is also consistent with this type of
blocking mechanism. Blockage of the transduction
channel should be very rapidly established upon
introduction of the drug, the mechano-sensitive
current would be blocked by neomycin (Ohmori, 1985)
and should be dependent upon the transmembrane
potential (Woodhull, 1973; Lewis, 1979).
f) ROUTE OF ACCESS TO THE INNER EAR:
The aminoglycosides must reach the inner ear by way of
the blood flowing through various capillary beds, since
their concentration in the cerebrospinal fluid remains
low even when the plasma level is high (Hawkins, Boxer
and Jelinek, 1950). Balogh, Hiraide and Ishii (1970)
showed that tritiated dihydroxystreptomycin injected i.p.
into guinea pigs appeared in the vessels of the spiral
ligament and stria within 15 to 30 min. It entered the
perilymph via the spiral ligament eventually reaching all
cells of the cochlea as well as the endolymph. No
preferential localization was demonstrated in their
experiment, but Ilberg, Spoendlin and Arnold (1971) found
evidence of an accumulation of tritiated
dihydroxystreptomycin in the inner and outer hair cells
after introducing it directly into the cochlea by
Perfusion. Portman, Darrouzet and Coste (1974) injected
the tracer into the carotid artery and found it mainly in
the Deiters cells after 1 hour and in the outer hair
cells after 4 hours.
Concentration of aminoglycosides and other antibiotics in
the inner ear fluids have been measured by Vrabec, Cody
and Ulrich (1965) Voldrich (1965), Muraveiskaya (1965),
and Stupp, Rauch, Sous and Lagler (1966). Strupp et
al.(1966) have proved that these agents do enter the
perilymph and endolymph, and that they persist there
longer than in the plasma. Stupp (1970) found a gradual
rise in aminoglycoside concentrations in the perilymph
and endolymph after parenteral administration, and a slow
clearance afterwards. Measurable amounts remained in the
inner ear fluids after the drug had disappeared from the
plasma. Prolonged exposure of inner ear tissue to higher
concentrations of the antibiotics isthought to account
for their apparently greater sensitivity to the toxic
action and thus for the ototoxicity itself. And there was
no direct relationship between the level in plasma and
Perilymph. With kanamycin the maximum perilymph
concentration (approx. 20 ugml) was reached in 1-2
hours, with streptomycin and other aminoglycosides in 2-5
hours, by which time the blood level had fallen sharply
from its maximum. The half life of kanamycin in the
Perilymph was almost 15 hours, i.e., about ten times that
in the blood.
g) COMPARISON BETWEEN MERKEL CELLS AND INNER HAIR CELLS:
From the functions and morphology of the Merkel cell-
neurite complexes and the acoustico-lateralis system,
there are similarities between the two sensory
structures:
1) both are mechanoreceptors;
2) both are of epithelial nature, i.e., ectodermal origin;
3) both have cytoplasm processes.
Merkel cells
a. rod like processes at




c. deformation of skin may
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cilia excites the hair
cell- mechanoelectric
transduction
But there are some features of the acoustico-lateralis
system still not found or confirmed in the Merkel cell-
neurite complexes:
1) special ionic environment facing the hair cell apex
i.e. high (K+) but not known in Merkel cells;
2) organization of the hair bundle and the structure of
stereocilia are well established but not yet
confirmed in Merkel cells;
3) need Ca++ for the transduction in hair cells, Ca++
has effect on the function of Merkel cell but its
exact role is still not clear.
5) HYPOTHYROIDISM:
a) ANTITHYROID ACTIONS OF THIONAMIDE- METHIMAZOLE (MMI):
Antithyroid drugs are a specific group of compounds that
block the synthesis of thyroid hormones. In general it is
synonymous with goitrogens, since anti-thyroid drugs
lower the level of thyroid hormone in the circulation and
produce goiter by augmenting secretion of thyroid-
stimulating hormone (TSH). TSH alone can stimulate
thyroid growth directly without inhibiting thyroid
hormone synthesis (see review by Pitt-Rivers, 1950;
Yamada, Kajihara, Takemura and Onaya, 1974; Vagenakis and
Braverman, 1976; Langer and Greer, 1977). As early as
1928, Chesney, Clawson and Webster observed goiters in
rabbits fed a cabbage diet. They concluded a goitrogen
was present in the cabbage and the action of which could
be prevented by administration of iodine. More than 1000
Potentially goitrogenic compounds have been tested and
more than 300 have been shown to be goitrogenic.
Methimazole (l-methyl-2-mercaptoimidazolel or MMI)
belongs to the group of thionamides (Fig. J), including
derivatives of thiouracil, thiourea, propyl-thiouracil,
mercaptothiazole and carbimazole. Substitution of the
sulphur atom abolishes the antithyroid action while
substitution on either of the nitrogens in the
thiohydantoin ring reduces antithyroid activity (Astwood,
Fig. J. Structural formulae of important representatives of the
thionamide group.
Sullivan, Bissell and Tyslowitz, 1943). The goitrogens
mentioned above consist of an additional nitrogen atom to
form a thioureylene group, which may be considered a
special case of thionamide grouping, exhibit greatest
activity. The antithyroid activity of the
mercaptoimidazole (e.g. MMI) was first demonstrated by
Searle, Lawson and Hemmings in 1950, being approximately
10-30 times as active as propylthiouracil though the
degree of toxicity is approximately the same. Methimazole
is the only mercaptoimidazole used extensively in the
treatment of hyperthyroidism in the United States.
Methimazole inhibits the thyroidal oxidation and organic
binding of iodine and the coupling of monoiodo- and
diiodotyrosine to form T4 and T3. This results in a
decreased synthesis of the active thyroid hormones. This
drug is commonly employed in the treatment of
hyperthyroidism. At higher doses an increase in the size
of pre-existing goiter and hypothyroidism may occur
(Vagenakis and Braverman, 1976).
The function of the thyroid gland is to synthesize
thyroid hormone and release it to be carried to the
peripheral tissues. The thyroid possesses a mechanism to
concentrate iodide from the circulating plasma, the
normal concentration ratio between thyroid and plasma
being approximately 20:1. Intrathyroidal iodide must be
cnzymatically oxidized by a peroxidase to iodine before
it can displace hydrogen from the 3 or 5 position of
tyrosine residues in thyroglobulin. Thyroxine is formed
by coupling of two molecules of diiodotyrosine and the
extrusion of a side chain. Triiodothyronine may be formed
either by the coupling of one molecule each of
monoiodotyrosine and diiodotyrosine, or by partial
deiodination of thyroxine. The hormone in thyroglobulin
is stored in the colloid in the lumen of the thyroid
follicles. Proteolytic release of thyroid hormone is
required before it can enter the circulation.
Theoretically an antithyroid drug could act by blocking
any one or more of these steps (Taurog, 1974; Greer and
Haibach, 1974).
Thionamides inhibit the initial oxidation of inorganic
iodide, organic binding of iodine but do not inhibit the
iodide-concentrating mechanism of the thyroid (Astwood,••
1949). They inhibit the reuti1ization of intrathyroidally
generated iodide for organic binding to the tyrosyl
residues of thyroglobulin. Normally the major portion of
intrathyroidally generated iodide is reutilized in
iodoamino acid synthesis before leaving the gland. When
this reaction was inhibited, the iodide was retained
within the gland, primarily in the colloid, until a
saturation equilibrium was achieved (Greer and Haibach,
1974). For example, in the perfused rat thyroid, this
required 90 minutes (Greer, Grimm and Inoue, 1969). The
migration into the colloid may be partially due to the
positive charge on the colloid side of the apical cell
membrane in addition to the active iodide transport
mechanism from the cell to the colloid at the apical cell
membrane (Chow and Woodbury, 1970). During the early
phases of thionamide (e.g. methimazole) administration,
there was little change in thyroid secretion (Greer,
Grimm and Inoue, 1969; Rosenberg, Athans and Isaacs,
1965). Further administration caused a progressive
decrease in the absolute quantity of all iodinated
components. Alexander and his colleagues found that long
term administration of an antithyroid drug to
hyperthyroid patients resulted in thyroid iodine
depletion which might diminish the relapse rate after
discontinuation of the drugs (Alexander, Harden, Kontras
and Wayne, 1965; Harden, Alexander, Koutras, Harrison and
Wayne, 1966).
Peroxidase is capable of promoting both the oxidation of
iodide and iodination of tyrosyl residues and the
coupling of two diiodotyrosine residues to form
thyroxine. Thionamide can inhibit peroxidase-catalyzed
iodination (Taurog, 1970). From in vitro studies, MMI
showed a 50% inhibition on peroxidase catalyzed oxidation
at a concentration of 10 uM as compared to the control
(Taurog, 1974). There are many opinions about the nature
°f the active iodinating species (such as peroxidase-
iodinium complex (E.I+), sulfenyl iodide, enzyme-bound
free iodine radical) formed through peroxidase actions
(Maloof and Soodak, 1965; Fairman, Ryan and Eichel, 1967;
Fawcett, 1968; Jirousek and Cunningham, 1968; Morris and
Hager, 1966; Nunez and Pommier, 1969; Yip and Hadley,
1967)„ This first step of peroxidase activity definitely
seems_ to be inhibited by antithyroid drugs (Coval and
Taurog, 1967; Taurog, 1970, 1974; Yamada, Kajhara,
Takemura and Onaya, 1974). According to Morris and Hager
(1966) the formation of a peroxidase-iodinium complex
(E.I+) could act either as an iodinating agent towards
tyrosine, or as an oxidizing agent towards thiouracil.
The thionamides inhibit iodination by competing with
tyrosine for the activated iodine complex, E.I+ (Maloof,
Smith and Sodak, 1968). In 1976, Taurog proposed a scheme
for the mechanism of inhibition of iodination:
thionamides competitively antagonize iodide at low drug
concentration, but not at higher drug concentration.
Inhibition of iodination by MMI and PTU may be either
reversible (Low ratio of drug to iodide) or irreversible
(high ratio of drug to iodide).
Propyl-thiouracil (PTU) affects iodoamino acid synthesis
in vitro in a way similar to its effect in vivo (Shimoda
and Greer, 1966). Thus antithyroid drugs such as the
thionamides have a specific inhibitory effect on the
coupling reaction independent of their inhibitory effect
on iodination (Richards and Ingbar, 1959). A low
concentration of PTU greatly inhibits thyroxine formation
without decreasing diiodotyrosine (DIT) or
monoiodotyrosine (MIT) formation (Yamada, Kajihara,
Takemura, Onaya, 1974). Since antithyroid drugs depress
formation of DIT more readily than MIT, the ratio of
labelled MIT to DIT was used as an index of thyroid
function. Naturally the MIT to DIT ratio was fairly
constant at various times after labelled iodide
administration (Bois and Larson, 1958; DeGroot and Davis,
1961; Kobayashi and Gorbman, 1960). A high ratio of MIT
to DIT indicates that thyroid hormone synthesis is
depressed. Such ratio increases progressively with
increasing doses of PTU in normal rat thyroid (lino,
Yamada and Greer, 1961). PTU has been found to inhibit
synthesis of both MIT and DIT equally in
hypophysectomized rats (Greer, Shimoda and Rockie, 1968;
Shimoda, 1964). It might be due to the binding of the
drug to the plasma protein so that its action was lowered
(Woebser and Ingbar, 1965).
Although PTU and methimazole did not interfere with
thyroidal accumulation of iodide, they actually depressed
the rate constant for release of thyroid iodide into the
blood (Rosenberg, Athans and Dawes, 1964). Iodine and
thyroid hormones can modify the actions of goitrogenic
substances. Iodine prevented development of. goiter
induced by small doses of thionamide (Herrera, Escobar
Del Rey, Morreale De Escobar, 1968; Yamada and Shichijo,
1962). After administration of large doses of
thionamides, the goiter developed was smaller in animals
fed a high-iodine diet than in those fed on low-iodine
diet (Abbassi, McKenzie, 1967; Milne and Greer, 1962;
Yamada and Shichijo, 1962). It was possible that iodide
interfered with the action of goitrogenic drugs both by
decreasing TSH secretion from the pituitary and by
diminishing the thyroid response to circulating TSH
(Bray, 1968; Katakai, Yamada and Shishijo, 1966).
Perchlorates, another kind of antithyroid substances were
found to depress the enlargement of thyroid produced by
PTU (Alexander and Wolff, 1966). A small amount of
perchlorate is sufficent to reduce PTU induced goiter.
This has been confirmed by Jolin, Morreale De Escobar and
Escobar Del Rey (1968) using PTU and by Yamada and
Nakamura (1972) using methimazole. Small doses of
thyroxine were found to enhance the goitrogenic action of
PTU (Seller and Schoenbaum, 1962 a, b) and the secretion
of TSH from pituitary (Tier, Carpen and Carpen, 1956;
Yamada, 1959). Different thionamides might have different
actions in vivo, e.g. on the conversion of T4 to T3 in
the liver, both MMI and PTU reduced the rate of
conversion, addition of T4 and T3 restored the activity
not for PTU treated animals. An in vivo study showed that
MMI failed to affect the conversion activity but excess
I- or PTU significant depressed it. Aizawa and Yamada
suggested that MMI exerted its action through the
thyroidal synthesis of hormone but PTU exerted its direct
effect on peripheral conversion in addition.
b) EFFECTS ON GROWTH AND DEVELOPMENT:
i) GENERAL:
Growth was defined by Ebert (1965) as permanent
enlargement or increase in the total mass of an
organism. In contrast, differentiation refers to the
complex changes involved in the progressive
diversification of cell structure and function that lead
to morphogenesis of body structure. Development is
defined as the sum of the processes of growth and
differentiation. Effects of postnatally induced
hypothyroidism on maturation have been studied
extensively (e.g. Geel and Timras, 1970; Sowers, Resch,
Walker, Sollars, 1980; Remesar, Arola, Palou, Herrena and
Alemany, 1981). Retarded growth rate was a sensitive
indicator of reduced thyroid function in rat (Greenberg,
Najjar and Blizzard, 1974). Lack of thyroid hormone
during postnatal life resulted in severe retardation of
growth and maturation of almost all organ systems (for
reviews see Blizzard, 1968; Eayrs, 1966; Geloso, Hemon,
Legrand, Legrand and Jost, 1968; Hamburgh, 1968;
Hamburgh, Lynn and Weiss, 1964; Pitt-Rivers and Tata,
1959; Shellabarger, 1964). Animals neonatall
thyroidectomized in the neonatal period grew more slowly
than normal, and the usual increment of body weight was
not attained. Body length progressively lagged behind the
normal, and bone configuration assumed an immature
proportion because of retardation of skeletal growth.
Histological and functional differentiation of organ
systems was delayed.
The decrease in growth rate in hypothyroidism was also
reflected in the decrease in hydroxyproline excretion,
which could be used as an index of growth (Jones,
Bergman, Kittner and Pigman, 1964; Similey and Ziff,
1964). During active growth, collagen formation was
accumulated. Hydroxyproline derived from the metabolism
of collagen was excreted in increased amount during
growth. Urinary nitrogen excretion and total nitrogen
balance were also found to be useful indications of
growth.
The effects on growth and development may also be due to
the induction of growth hormone (GH) synthesis at the
pituitary level by the circulating thyroid hormones.
Hypothyroidism resulted in a progressive fall in levels
of pituitary and serum GH concentration (Peake, Birge and
Daughaday, 1973; Hervas, de Escobar and Escobar Del Rey,
1975, Geel and Timiras, 1970) which paralleled the
decrease in the number of pituitary somatotroph cells
(Defesi, Astier and Surks, 1979). Burnstein, Draznin,
Johnson and Schalch (1979) found a dramatic decrease in
serum GH level in infant rats treated with PTU. Coulombe,
Ruel and Dussault (1980) reported that during the
neonatal period, thyroid hormones played an important
role in the control of GH accumulation in pituitary
because in the hypothyroid rats, the pituitary GH content
was significantly lower than in the controls. Prenatal
thiouracil administration to the pregnant or lactating
mother rats was also found to depress the body weight and
pituitary GH levels in their 25 day old pups (Froelich
and Meserve, 1982). Simpson, Asling and Evans (1950)
reported increases in body length and weight of
hypothyroid rats given GH though the response was not as
pronounced as if thyroxine was given. A brief period of
PTU treatment in the neonatal rats has been shown to
cause persistent alterations in pituitary, thyroid and
gonadal function, perhaps as a result of permanent
alterations in the normal feedback mechanism of the
hypothalamic pituitary thyroid axis (Bakke, Gellert and
Lawrence, 1970).
The central nervous system (CNS) was highly susceptible
to irreversible damage during the early postnatal period
because it failed to mature normally (Eyars, 1961).
Hypothyroidism also resulted in reduced functions of CNS
in adults but this was totally reversible with
replacement therapy.
ii) SKELETAL GROWTH:
Skeletal changes in the thyroid-deficient animals have
been well characterized (Becks, Scow, Simpson, Asling, Li
and Evans, 1950; Eayrs, 1966; Hamburgh, Lynn and Weiss,
1964; Lusted, Pickering, Fisher and Smyth, 1953). Growth
and maturation were retarded in femur, tibia, skull and
sixth caudal vertebra in thyroparathyroidectomized rats
(Ray, Simpson, Li, Asling and Evans, 1950). Rats
thyroidectomized at birth and studied for 60 days had a
stage of bone maturation equivalent to that of 18 day old
rats (Beck, Scow, Simpsone, Asling, Li and Evans, 1950).
The epiphyseal cartilage did not become sealed by bony
plates; skeletal differentiation and proliferative
activity continued at a slow pace. Hamburgh (1968)
confirmed the above findings with delayed appearance of
limb epiphyseal centers, caudal vertebrae, digit, carpal
and tarsal centres. Hypothyroidism also caused
retardation of growth of skull which was noticeable at
the face, base of skull and mandible i.e., the areas
with rapid growth in rabbits (Hunter and Sawin, 1942).
Thyroid deficiency in animals also produces delay in
dental development, although it appears to be less
retarded than skeletal growth. Not only is maturation
delayed, but also eruption of the teeth and mandibular
growth. Baume, Becks and Evans (1954) reported that the
eruption was restored with thyroid hormone treatment and
Paynter (1954) found that when rats were treated with
PTU, mandibular development was more markedly retarded
than tooth development. Hunter and Sawin (1942) found no
significant delay in dental eruption in rabbits up to 24
weeks after thyroid ablation. Wilkins (1965) suggested
that delay in formation of tooth buds is more
characteristic of hypothyroidism than delay in eruption.
c) EFFECTS ONthe NERVOUS SYSTEM:
Because of the long-recognized clinical association
between disturbances of the thyroid gland and disturbed
cerebral function, the effects of thyroid hormone on the
developing central nervous system (CNS) were subjects of
many detailed studies (for reviews see Eayrs, 1960, 1964
a,b, 1966; Ford, 1968; Geloso, Hemon, Legrand, Legrand
and Jost, 1968; Hamburgh, Lynn and Weiss, 1964; Legrand,
1965; Greenberg, Najjar and Blizzard, 1974). In contrast,
less attention has been focused on the peripheral nervous
system. Only the relationship between the disturbance of
the middle and inner ear during hypothyroidism has been
studied in detail and this will be discussed in the
following section.
In a recent study by O'Malley, Abott, Timson, Beck and
Rosenthal (1985), sensory thresholds for electrical
stimulation of peripheral nerves were elevated and motor
responsiveness impaired in hypothyroid subjects as
compared to euthyroid subjects. They suggested that
sensory thresholds were reliable reflectors of tissue
thyroid status in hypothyroidism. Conductions in the
pathway of the central and peripheral nervous system was
slowed in hypothyroid ism, but could be returned to normal
with thyroxine therapy (Crevasse and Logue, 1959;
Mastaglia, Black, Collins, Gutteridge and Yuen, 1978;
Abbott, O'Malley, Barnett, Timson and Rosenthal, 1983).
In addition, Abbott et al. (1983) found that during
warming of the limb, the conduction could be improved.
But O'Malley et al. (1985) could not improve the sensory
thresholds by warming suggesting that the elevation of
the sensory threshold resulted from sensory end organ
dysfunction and was not an indirect manifestation of
slowed nerve conduction.
The ability of thyroid hormones to modulate activity and
reactivity of the sympathetic nervous system has been
well established, e.g. by regulating the number of
adrenergic receptors and their coupling to end-organ
responses (Kunos, 1981). Perinatal hypothyroidism
arrested the development of beta-receptors in the
neonatal myocardium and led to persistent subsensitivity
°f the heart to stimulation by sympathomimetics.
Sympathetic nerve endings showed impaired uptake of
eogenous norepinephrine into the synaptic vesicles. This
was seen as an indication of retarded maturation of
presynaptic nerve terminal (Lau and Slotkin, 1982). In a
recent study, Slotkin and Slepetis (1984) found a
retardation in ontogeny of noradrenergic neurons in
transmitter levels and morphological components of
presynaptic terminals in hypothyroid rats. Tonic activity
of sympathetic neurons was suppressed as well. When
combined with subsensitivity of post-synaptic elements,
this produced a substantial decrease in physiological
responsiveness of critical cardiac sympathetic and
sympathoadrenal neural pathways axis.
Oxygen consumption of the cerebral cortex of the rat
fetus was not affected by thyroid-hormone deficiency
(Fazekas, Graves and Alman, 1951). Immaturity of
thermoregulation was very pronounced in young rats made
hypothyroid before the tenth day of life.
Thermoregulation failed to develop sufficiently to allow
the animals to maintain their normal core temperature as
long as thyroid deficient (Eayrs, 1966; Hamburgh, Lynn
and Weiss, 1964).
Although mental retardation has long been recognized as a
characteristic abnormality of congenital cretinism, this
has not been recognized until the 60's as a direct result
°f thyroid hormone deficiency (Collipp, Kaplan, Kogut,
Tasem, Plachte, Schlamm, Boyle, Ling and Koch, 1966). In
animal studies, the effect on intellectual development
have been confirmed by Eayrs and Taylor (Eayrs, 1959;
Eayrs and Taylor, 1951). Rats thyroidectomized at birth
had significantly more errors in performance tests than
normal litter mates and the dysfunction was inversely
related to the age of thyroidectomy. In addition,
maturation of spontaneously arising behavior patterns was
impaired (Eayrs and Lishman, 1955; Hamburgh, 1958). The
rats were lethargic and inactive, although they could
still be stimulated. The latency period to respond to
sharp auditory stimuli with the righting reflex and
forepaw placing reaction was significantly prolonged.
Establishment of the conditioned reflex was also retarded
(Gantt and Fleischmann, 1948) but could be restored by
hormone therapy. Schalock, Brown and Smith (1979)
correlated the long lasting behavioral change in neonatal
hypothyroidism with the decreased number of synaptic
contacts in the cerebellar cortex. From the change in the
suckling behaviour of neonatal hypothyroid rats (i.e.
slower movement of head, mouth and forelimbs), Narayanan,
Narayanan and Browne (1982) suggested that during normal
ontogeny, some decisive steps in the integration of
individual movements took place in uteri from day 18 of
gestation and this coincided with the establishment of
Pituitary thyroid relationship which persisted through
Postnatal stage. But Tamasy, Du, Vallerga, Meisami and
Timiras (1984) observed the suckling ability in neonatal
rats and found a reduced increase in body weight if they
were fed by hypothyroid lactating mothers in comparison
with normal lactating mothers. They concluded that the
reduced gain in body weight in hypothyroid rats was not
due to impaired suckling capability or insufficient
sensory stimulation for milk secretion but a decrease in
milk production of hypothyroid mothers. A walking
behaviour described as a 'high stepping' gait has been
described in rats after perinatal exposure to goitrogens
(Schwark, 1977). This might be due to ankle weakness or
rigidity (Hetzel and Hay, 1979). In a recent report,
Comer and Norton (1985) described the tendency of
perinatal hypothyroid rats to show a more pronounced
asymmetry in gait than normal controls.
d) EFFECTS ON THE INNER EAR:
A correlation of hearing disability and hypothyroidism
has been found by many observers. Kemp (1907) was the
first who described a case of acquired hypothyroidism
with associated deafness (see also King, 1907; Moehling,
1927). Trotter (1960) pointed out that three forms of
thyroid diseases have been reported to be associated with
hearing deficits in man; myxoedema in the adult (Howarth
and Lloyd, 1956); endemic cretinism (de Quervain and
Wegelin, 1936; Deutsch, 1960); and Pendred's syndrome
(Pendred, 1896; Fraser, Morgans and Trotter, 1960).
Pitter and Lawrence (1960) stated that hearing loss may
he the most common otolaryngological manifestation of
both acquired and congenital hypothyroidism (also see
Lawrence, 1960). The hearing loss in these disorders is
usually of mixed type (conductive and neuro-sensory) and
may be stable or progressive (Benda, 1949). In man,
Poulsen (1966) observed that 30% of his patients with
myxoedema had no hearing loss related to hypothyroidism.
In animal studies, Ritter (1967) was able to produce
20 dB hearing loss in baby chicks and rats after
treatment with thiourea. Thyroid hormone therapy could
reverse the situation. Kohonen, Jauhiainen, Liewendahl,
Tarkkanen and Kaimio (1971) found increased thresholds in
guinea pigs. Withers, Reuter and Janeke (1972) studied
behaviourally trained animals (cats and squirrel monkeys)
audiologically. The animals were found to develop a
bearing loss within 120 days after thyroidectomy and this
was reversible with thyroid hormone therapy. Deol (1973
a,b) studied hypothyroidism in mice using PTU. The loss
of hearing could be prevented by addition of L-thyroxine.
Using implanted electrodes in the ear, Rubinstein,
Perlstein and Hildesheimer (1975) found that replacement
therapy improved the magnitude of the action potentials,
and in some cases, it even reached the normal levels, yet
slight changes in the pattern of the action potentials
remained.
Ritter and Lawrence (1960) found lesions in the organ of
Corti of hypothyroid chicks characterized by toothlike
sensory hair cells separated from supporting tissue by
edema. In contrast, de Vos (1963) found no changes in the
organ of Corti during hypothyroidism and only a slight
degeneration of the spiral ganglion. He presumed a
nervous or a central involvement of the auditory system.
Precipitations of acid mucopolysaccharides was
demonstrated in the scalae of the cochlea from
hypothyroid guinea pigs (Schaetzle and Haubrich, 1967).
Ritter (1967) examined newborn chicks with thiourea
treatment from the 4th day of gestation and found
thickening of the middle ear mucosa, edema between the
supporting cells and the hair cells of the auditory
papilla, deformed hair cells, and hair cells that were
separated from their afferent nerve fibres by a zone of
tissue which contained large filled spaces. Such
anatomical changes could be reversed with thyroid hormone
therapy. Bargman and Gardner (1967; 1972) treated chick
embryos with PTU and showed that the inner ears of the
animals demonstrated abnormalities. Alterations of the
hair cells and auditory papillae (centrally placed
nuclei, acidophilic cytoplasm) and a decrease in the size
°f the spiral ganglion cells with accumulation of
intercellular material. Combined treatment with PTU and
thyroxine did not result in changes of the otic capsule.
They concluded that the anatomical alterations were
secondary to hypothyroidism and not a result of the PTU
therapy itself. Kohonen, Jauhiainen, Liewendahl,
Tarkkanen and Kairaio (1971) found only some hair cells
missing in the upper two turns of the cochlea in guinea
pigs. They cautioned that missing outer hair cells in the
upper two turns might also occurred in normal guinea pigs
and claimed that the inability to demonstrate a definite
morphological correlation with functional impairment
might be due to the limitation of the histological
method. From the results of these animal studies, they
speculated that similar irreversible hearing loss due to
sensory cell degeneration might also occur in man.
Withers, Reuter and Janeke (1972) failed to demonstrate
significant anatomical abnormalities of the auditory
system in hypothyroid cats and squirrel monkeys. Deol
(1973 a,b) studied histologically the cochlea of
congenitally hypothyroid mice with hearing loss. There
were abnormalities in the organ of Corti including
distortion of the tectorial membrane and malformation of~
the hair cells. L-thyroxine administration prevented the
anatomical alterations in the organ of Corti as well as
Preventing the hearing loss. When the mother mice were
treated with PTU, which led to abnormalities of the
cochlea and impaired hearing in their offspring, the loss
of hearing could be fully accounted by the cochlear
abnormalities.
In 1976, Deol induced hypothyroidism in female mice, the
offsprings showed malformation of the organ of Corti, and
he suggested that the site of action of the thyroid
hormone in the developing organ was the epithelium of the
inner spiral sulcus. In 1979, Meyerhoff proposed a
hypothesis that the cochlea is a site of lesion for
sensorineural hearing loss in hypothyroidism based on the
following observations: increased auditory thresholds,
large dark stained lipid accumulations in Hensen's cells,
large intercellular spaces in stria vascularis with
degeneration of marginal and intermediate cells, inner
and outer hair cell degenerations, debris in the cochlear
duct and tectorial membrane irregularity. Inner hair cell
distortion and disruption could only be seen in the
newborn hypothyroid guinea pigs electronmicroscopically.
Changes in outer hair cells were identified more
frequently in both adult and newborn hypothyroid guinea
pigs. Interestingly, no changes were demonstrated in the
mitochondria of the hair cells and pillar cells of the
cochlear duct.
Middlesworth and Norris (1980) found that PTU causei
several dysfunctions and disorganizations of the organ o
Corti in rats with many hair cells missing especiall
among the outer row. These rats were prone to develo]
seizures. But Vicari (1951) and Seyfried, Glaser and Y
(1979) had opposite findings that PTU treatmen
Protected the seizure-susceptible mice from audiogeni
seizure. In 1982, Anniko and Rosenkvist treated rats fo
5 weeks with methimazole and found that the tectorial
membrane was the first structure of inner ear to show
morphological changes. Thickening of basilar membrane was
observed in some samples and no degeneration of cells
occured in organ of Corti, adjacent parts of the scala
media, or t-he rri st-p amniil larps.
From 1980 to 1985, the group of Uziel studied in detail
the effect of hypothyroidism on the inner ear. PTU
administrations in early life of rats caused a serious
disturbance to the development of cochlear microphonics
and consistent with Deal's observation (1975), the
tectorial membrane was distorted and out of contact with
the inner and outer hair cells. This could also be
prevented by thyroxine (Uziel, Rabie and Marot, 1980).
Morphologically there were abnormally prolonged
persistence of Kolliker's organ and a striking distortion
°f the tectorial membrane during hypothyroidism. The
sensory epithelium showed signs of immaturity with
abnormal persistence of kinocilia on the sensory and
supporting cells, and severe retardation in the
development of the innervation of outer hair cells
(Uziel, Gabrium, Ohresser and Legrand, 1981; Uziel,
Fujol, Legrand and Legrand, 1983). The cochlear
microphonics thresholds could be restored after thyroxine
therapy of congenital hypothyroid rats and such
corrective effect depended on the period of
administration of thyroxine and on the structure
investigated within the organ of Corti (Uziel, Legrand
and Rabie, 1985; Uziel, Marot and Rabie, 1985).
e) INTER-RELATIONSHIP AMONG VITAMIN A DEFICIENCY,
AMINOGLYCOSIDES, HYPOTHYROIDISM AND IMPAIRED HAIR
CELL FUNCTION:
As pointed out above (see review sections of neomycin)
there are morphological and functional similarities
between hair cells of the acoustico-lateralis system and
Merkel eells-neurite complexes (see review sections of
the Merkel cells). Thus the aim of the present study was
to investigate the function of s.a.I receptors under
pathologigcal conditions known to affect hair cells of
the inner ear. The ototoxic effects of aminoglycosides
(e.g. neomycin) are well established and were reviewed in
chapter 4 above. Alterations and impairment of the inner
ear caused by hypothyroidism have been studied
extensively. A detailed review is given above.
For the present study rats were treated with methimazole
for 3 months after weaning to induce hypothyroidism.
Thyroid disorders as part of the vitamin A deficiency
syndrome have been discussed in the review section of
vitamin A deficiency in detail. The antagonism, between
thyroid hormone and vitamin A was first suggested nearly
a half century ago (Revilliod, 1895). Vitamin A was used
to treat hyperthyroid patients because of its action
similar to excess iodine (Simkins, 1947) and similar
findings were obtained in guinea pigs and rats (Jansz,
Flad, Koffler and Miescher, 1967). Vitamin A deficient
rats have increased plasma T3 and T4 and free thyroxine
indices (Morley, Damassa, Gordon, Pekary and Hershman,
1978). Pituitary TSH and hypothalamic TRH content were
increased in vitamin A deficient animals compared to
pair-fed controls. The plasma TSH response to TRH was
normal in the vitamin A deficient rats. Vitamin A
deficiency produced biochemical hyperthyroidism and an
excess of vitamin A had anti-thyroid effects (Morley,
Melmed, Reed, Kasson, Levin, Pekary and Hershman, 1970).
But in 1984, Nockel and his group had different findings
based on the facts that the two earliest signs in animals
suffering from either vitamin A or thyroid deficiency
were growth depression and appetite depression (Nockels,
Ewing, Phetteplace, Ritacco and Mero, 1984). Some other
common deficiency signs were hyperkeratosis, night
blindness, ataxia, decreased skeletal growth and
Saturation, anemia, impaired sexual development and
miscarriage (Ingbar and Woeber, 1981; Mejia, Hodges and
Rucker, 1979; Scott, Nesheim and Young, 1982; Lassiter
and Edwards, 1982). Hypothyroidism has been reported as a
result of extreme vitamin A deficiency in calves, pigs
and man (Frape, Speer, Harp and Catron, 1959; Jungherr,
Helmbolt and Eaton, 1950; Morley, Russel, Reed, Carney
and Hershman, 1981). But its effect on thyroid functions
in rats was contradictory, Coplan and Sampson (1935)
found thyroid hypertrophy in female and atrophy in males
during vitamin A deficiency, thyroid hypertrophy and
decreased serum thyroxine (T4) were also found in vitamin
A deficient chicks (Nockels and Phillips, 1971 a, b).
Liver hypertrophy and glycogen accumulation were induced
by hyperthyroidism (Ringer, 1976). Also the unexplained
finding of precocious sexual development in vitamin A
deficient cockerels (Nockels and Kienholz, 1967;
Sammelwitz, Nockels and Hopwood, 1971; Roltsch, Nockels
and Ralph, 1982) was suggested to be associated with
thyroprivic hypothyroidism (Ingbar and Woeber, 1981). In
a recent report, Nockels, Ewing, Phetteplace, Ritacco and
Mero (1984) found thyroid follicle hypertrophy, heavier
thyroids and decreases in serum T4 and T3 levels after 8
weeks of vitamin A deficient diet indicating that one of
the earliest signs of vitamin A deficiency in chicks was
hypothyroidism.
Related to degenerative changes of hair cells in inner
ear due to aminoglycoside treatment and hypothyroidism,
Mellanby (1938, 1944) found that vitamin A deficiency
Produced deafness with serious labyrinthitis in young
dogs, rabbits and rats. In later stages degeneration of
the sensory epithelium of the labyrinth, including organ
°f Corti and of the ampullae of the semicircular canals.
From the above discussions, there are certain inter¬
relationships among the vitamin A deficiency,
hypothyroidism and chronic neomycin applications. The
present studies were designed to observe the above
effects on the compliance of the skin and responsiveness




1) GENERAL PREPARATION FOR ACUTE EXPERIMENTS:
Sprague-Dawley rats were anaesthetized with urethane (20%
wv, 6 mlkg i.p.)(Sigma, U.S.A.). Supplementary doses
were given as required. One carotid artery and one
jugular vein were cannulated allowing the measurement of
arterial blood pressure (Bell Howell type 4-422
pressure transducer) and venous access. The minimum mean
blood pressure permitted was 75 mmHg. The body
temperature was kept at 38°C by a thermostatically
controlled electric blanket (Bioscience, CFP-8185).
Additional warming at lower room temperatures were given
with two flexible 60 watt office lamps. A cork tile was
put underneath the electric animal blanket to reduce the
amount of heat loss to the underside. The skin around the
dorsal gluteal region was shaved closely with clippers.
The hair was cut short with large clippers (Cito-67), or
a pair of blunt scissors, then the remaining part was cut
with a electric-shaver (Braun) down to the skin surface.
During the shaving process, an electric vacuum cleaner
was used to remove the cut hair.
No depilating agent was used because it was felt that the
removal of hair roots by itself could have changed the
compliance of the skin. During some trial experiments
with Shiseido hair remover (cream), the skin surface was
rubbed with wet cotton wool after the application of the
hair cream to remove the hair, the skin appeared
hyperaemic with partial desquamation of the epidermis.
An incision of approximately 4 cm length was made in the
dorsal gluteal skin 1 cm left of the lumbar spinal
processes. Care was taken not to damage the superficial
cutaneous nerves and blood vessels. Threads were then
fixed to the skin around the incision for attachment of
the skin to a lead ring (diameter 3 cm) to form a small
pool to be filled with liquid paraffin (Riedel de Haen,
DAB8)„ Occasional bleeding from the incision area was
stopped with a Codman Bipolar Coagulator or dabbed with
small pieces of lint cloth. The lead ring which was
fixed to a brass rod was attached to a micromanipulator
to allow easy adjustment of its position. A pointed
silver wire (diameter 1.5 mm) was inserted from inside of
the pool into the surrounding muscle to be used as an
earthing electrode. A piece of orthopaedic tape
(Hexcelite) (~5 X 5 cm) was softened by immersing it into
a beaker of warm water for a few seconds. The left hind
limb was then kept in an extended position and attached
to the operating table on the animal blanket with
orthopaedic tape. A piece of plasticene was put under
each axilla thus raising the thorax to avoid general
movement caused by respiratory excursions.
2) NERVE DISSECTION:
Exposed superficial cutaneous nerves (clunium nerves)
supplying s.a.I receptors in the skin of the left
proximal hind limb were dissected under a Carl Zeiss
dissecting microscope (Model: 0PMI-1F)(Mag: 5-31X) with
built-in fibre optic illumination. Receptors investigated
were in the left gluteal region. In this area there is
little variation in the consistence of the skin and
underlying tissues. It is known that the receptor
changes its stimulation properties when stimulated
against a hard background (Iggo, unpublished). A uniform
background will therefore minimize variability in the
nervous responses and is also advantageous for the
analysis of the changes in compliance of the skin and
underlying tissues as reflected in the indentations
required to maintain a constant force of stimulation.
The viscosity of skin has been attributed largely to
movements of interstitial fluids within the dermis as
well as to reorientation of collagen fibres (Gibson and
Kenedi, 1970). Petit and Galifret (1978) have
investigated the force-indentation relationship of the
skin in rats. They found that the thigh skin of rats has
the largest range of indentations with a force range of 0
to 20 mN. For the skin of the second finger paw the
range of indentations was only one-third with the same
force range.
IThe pool was filled with liquid paraffin during the nerve
dissection. Its purpose was to act as an insulating
medium for the nerve and prevent drying out of the nerve.
The connective tissue around the nerve was dissected with
a pair of fine iris scissor first to expose the nerve.
The whole bundle of nerve strands were then freed from
the two accompanying blood vessels by cutting the
connective tissue at the gaps between the nerve and the
two accompanying blood vessels with a sharp dissecting
knife. The sharp knife blade was prepared by breaking
the edge of a double sided carbon razor blade (Eagle
Brand, China) with a pair of pointed pliers. The blade
was then fixed in an 'Eclipse' pin vice which acted as a
holder. The tissue fluid or blood which accumulate after
dissection of the connective tissue or severing of small
blood vessels was absorbed and removed with small pieces
of lint cloth. If the amount of tissue fluid inside the
Pool was too large, it was removed with pasteur pipettes
and care was taken to ensure that the pool was always
filled with warm liquid paraffin. To test the condition
°f the nerve before any further dissection the whole
nerve strand was placed on a pair of bipolar Ag-AgCl hook
electrodes and the action potentials recorded after
natural stimulation were amplified with a differential
amplifier (Neurolog NL 103) and displayed on a Tektronix
5103N storage oscilloscope. Additional warm liquid
Paraffin was added as required so that the nerve strand
was bathed in the liquid paraffin all through the
experiment.
Fine strands of nerve fibres were then dissected from the
large bundle, and s.a.I receptor units were identified by
a) their slowly adapting response during maintained
indentation, b) the absence of a response to stretching
the skin and c) by their responsiveness to stimulation of
discrete spots of skin only (Iggo Muir, 1969; Hamann
and Lee, 1982). The receptive fields of the fine nerve
strand was tested with a small camel hair brush to detect
the distribution of hair units and slowly adapting units.
The s.a.I units were marked with a fine tip marker pen
after identification of the unit according to the above
criteria.
3) RECORDINGS:
Recordings were made with bipolar Ag-AgCl hook
electrodes. The electrode holder was attached to a
micromanipulator (Prior, England) to allow three
dimensional fine adjustment of the electrode for
recording of nerve impulses. The nerve action potentials
in response to the stimuli applied were amplified with a
differential amplifier (Neurolog NL 103), filtered
(Neurolog NL 125) and displayed on a storage oscilloscope
(Tekt ronix 5103N) included the discriminating levels of
the Schmitt-trigger (Digitimer D.130). A differential
amplifier (Neurolog NL 103) was used to minimize
interference. The bandwidth setting of the filter was
from 100 Hz to 1.25 KHz. A spike processor (Digitimer
D.130) was used to give further amplification of the
nervous signals and by the appropriate setting of the
discriminating levels, the number of spikes generated
from the s.a.I receptors could be counted during preset
time intervals.
Original recordings of nervous impulses from the
differential amplifier, forces and displacements of
stimulation from the electronic feedback unit were made
with a four channel FM tape recorder (Hewlett Packard
3964A) equipped with three FM channels and one direct
channel. The three FM channels were assigned for the
nervous impulses, force and displacement respectively.
The direct channel was used to record the synchronized
trigger pulses from the Digitimer D4030 controlling the
mechanical stimulation, and the voice which mainly
concerned the particulars of the stimulation. A tape
speed of 9.52 cms was used to provide a pass band from
DC to 1250 Hz for the FM channels. This was wide enough
for the recording of spikes. The direct channel had a
Pass band between 50 Hz and 16 KHz.
Cumulative spike counts (from Digitimer spike processor
D.130) during individual stimuli, displacements (from the
electronic feedback unit), forces (from the electronic
feedback unit and passed through a filter unit of
bandwidth from DC to 30 Hz) and the arterial blood
pressure( blood pressure of carotid artery measured with
the Bell Howell pressure transducer and amplified
through a Neurolog recorder amplifier NL 107) were
recorded with a four channel chart recorder (Lectromed MX
412 or Graphtec WR3101). Using the event marker channels
of the chart recorders, the trigger pulses( from the
Digitimer D4030) which were synchronized with the
mechanical stimulation were marked on the chart. With
the Graphtec WR3101 chart recorder the date of experiment
and a number marker could be printed with the recordings
so that each individual run of the mechanical
stimulation could be labelled.
After the installation of an Isaac AD converter to a
6502 based microcomputer the following parameters were
digitized and stored on floppy diskettes for detailed
statistical analysis and further investigation: 1)
initial and 2) final forces of stimulation in mN, 3)
residual indentations (displacement just preceding each
stimulus) in mm, 4) maximal indentations (displacement at
the end of the plateau phase) in mm, 5) stroke amplitudes
(the difference between the maximal and residual
indentation) in mm, number of spikes during- the 6)
dynamic and 7) plateau phases of the mechanical
stimulation and 8) the number of spikes recorded during
the interstimulus intervals of the repetitive
stimulation. The output signals from the electronic
feedback unit representing force and displacement as well
as the analogue output from the spike processor
representing cumulative counts were digitized at a
sampling rate of 30 ms during the rising phase and at
200 ms during the plateau phase. Additionally the TTL
pulses from the spike processor were counted by the Isaac
counter input.
Magnetic tapes from experiments before the installation
of the microcomputer were replayed through the Isaac AD
converter into the computer. The same parameters as
stated above were obtained and stored on the floppy
diskettes for a detailed statistical analysis.
4) MECHANICAL STIMULATION
a) CONSTANT FORCE
After the identification of s.a.I cutaneous
roechanoreceptors using the above criteria, the touch
corpuscle was subjected to repetitive constant force or
constant displacement mechanical stimulation. A pattern
of repetitive mechanical stimulation was designed using
stimuli that were within the physiological range of
stimuli for s.a.I receptors and at the same time produced
some work stress for the receptor. Both aims were
achieved by trains of 30 constant force mechanical
stimuli. The force of stimulation was kept constant at
5 mN, 10 mN, 15 mN or 20 mN throughout the 30 repetitive
mechanical stimuli. Higher forces than 20 mN were not
employed because simulation force of 20 mN were found to
produce close to maximal nervous responses (Baumann,
Cervero, Hamann and Leung, 1983). High levels of force
would also have required unacceptably high displacements.
Before the first stimulus and between individual stimuli
(interstimulus interval) a contact force of 0.5 mN was
maintained. Since the reference signal from the Digitimer
D4030 was at 0 volt during the interstimulus intervals, a
contact force of 0.5 mN was achieved by adjusting the
bridge balance of the force transducer to a level
corresponding to -0.5 mN, therefore, when the electronic
feedback unit maintained the zero output from the force
transducer, a contact force of 0.5 mN was produced. This
force was below mechanical thresholds of s.a.I receptors
examined.
An electronic vibrator (Bruehl Kjaer no. 4810) served
as electro-mechanical transducer with the force
transducer plus the stimulation probe attached to it. In
the most commonly used cycle of mechanical stimulation,
the Digitimer D4030 with a preset timing program
Fig. K. Original recording of probe displacement in mm (lower
trace), resulting force in mN (middle trace) and response as nerve
impulses (upper trace) of a rat s.a.I receptor. A constant force
stimulus of 20 mN with 200 ms ramp (Mode B) was used.
controlled the electronic feedback unit to move the
electronic vibrator to maintain a constant force of
stimulation by monitoring of the analogue signal from the
force transducer. Forces of stimulation were measured
with the Statham UC2 force transducer. During the study,
two modes of constant force mechanical stimulation were
used: mode A and mode B.
i) Mode A:
Each individual mechanical stimulus (Fig. K) rose over
0.l£s to a force of usually 20 mN where it was maintained
via an electronic feedback mechanism for 1.9 s (Hamann,
Baumann, Lee Leung, 1983). The interval between
repetitive stimuli was 0.7 s (Fig. L). The relative
shortness of such interstimulus interval after the work
stress implied that there was incomplete creep recovery
of the skin during this time (Pubols, 1982b). The
electronic feedback unit was driven by an RC (resisitor
capacitor) coupled with low pass filter (time constant
50';ms) square wave reference signal from the Digitimer
D4030 to give the pattern of mechanical stimulation
mentioned above. A variable resistor was used to produce
the appropriate voltages for the electronic feedback unit
to give the desired force of stimulation.
ii) Mode B:
Fig. L. Original recording of a standard train of thirty repetitive
constant displacement stimuli to a cutaneous s.a.I mechanoreceptor.
Upper trace: force; middle trace: cumulative counts of impulses per
stimulus; lower trace: displacement. Note the decrease in resulting
force during each single stimulus as well as during the whole run.
In the graded responses and the hypothyroid experiments a
Function Generator (Exact 336, U.S.A.) was used to
provide a ramp signal of 200 ms for the dynamic rising
phase of force of stimulation (Fig. M) which was then
maintained at a constant level for 2.0 s followed by a
fast lift up to contact force within 50 ms. The
interstimulus interval was shortened to 0.5 s in order to
keep the same cycle length as in stimulation mode A.
After a period of 0.5 s interstimulus interval, the next
cycle of constant force mechanical stimulus started
again.
Mechanical stimuli were applied to the skin with a nylon
probe (diameter 1 mm, spherical tip), which was attached
to a force transducer (Statham UC2) for measurement of
the force applied by the probe. The diameter of the probe
used was 1 mm because of the relatively small size of a
touch dome in the skin surface (0.2 to 0.4 mm (Straile,
i960). Probes with spherical tip were used to allow the
skin surface to slide and make better contact between the
Probe and the skin during the mechanical stimulation.
This ensured minimal damaging effect on the surface of
the skin up to maximal indentations employed in this
study of about 2.5 mm. The stimulating probe was placed
under visual control over the receptor in a position•
Perpendicular to the skin.
Fig. M. Original recording of a standard train of thirty repetitive
constant force stimuli to a cutaneous s.a.I mechanoreceptor. Upper
trace: force; middle trace: cumulative counts of nerve impulses per
stimulus; lower trace: displacement. Note the gradual increase in
maximal and residual indentation with increasing stimulus number in
order to maintain the stimulation force of 20 mN and the contact
force of 0.5 mN.
Pubols (1982a) compared the effectiveness of mechanical
stimuli from his results with those from Jaenig, Schmidt
and Zimmermann (1968) and found that similar pressure of
stimulation yielded similar discharge rate in slowly
adapting mechanoreceptors. Pubols used a probe with
spherical tip for the mechanical stimulation, whereas
Jaenig et al. (1968) used a flat circular disc instead.
From the calculation of the pressure produced by the two
types of probes, the pressure needed was lower with a
flat disc to give the same response. Pubols (1982a)
suggested that the difference might be due to the plain
surface of the flat disc that only parts of the disc had
actual contact with the skin. Thus, the effective
pressure would be higher than calculated. In contrast, a
spherical tip ensures good contact between probe and skin
with only moderate and uniform tangential stretch of the
skin surface. The mechanical effect of pressing a flat-
disc onto the skin surface is similar to the mounting of
a drum skin and the tension seems to be developed from
the rim of the disc. If a spherical tip probe is used,
the tension seems to be developed from the tip of the
probe.
Displacements were also obtained in two ways, before and
after the installation of an optical displacement
measuring device with a photo-diode on the stimulator
which gave a linear response to the displacement of the
stimulation probe. Before the installation of the optical
device (i.e. during the vitamin A deficiency and chronic
neomycin experiments) displacements were obtained by
recording the driving voltages required by the vibrator,
which were the analogue signals produced by the
electronic feedback unit to drive the electronic vibrator
to give the desired pattern of mechanical stimulation.
The value of driving voltage determined the position of
the vibrator and this was a reliable indicator of the
position of the stimulating probe. The system was
calibrated after the experiments. A micrometer (Mitutoyo
dial indicator 2046E-08, Japan) of 0.01 mm per division
was attached to the stimulator to measure the
displacements produced by standard driving voltages.
The following displacements were determined for each of
the 30 successive stimuli: a) residual indentation at
contact force (i.e. the indentation value just preceding
the mechanical stimulus), the value before the first
stimulus was taken as zero point for all displacement
values of that run, b) maximal indentation at the end of
the plateau phase. The differences of these two values
represented the stroke amplitudes (net excursion of the
stimulating probe during each stimulus). Later an optical
displacement transducer was installed with a linear
calibration curve. The residual indentation, maximal
indentation and stroke amplitudes could be obtained
directly from the analogue output of the displacement
transducer after amplification.
Nervous responses were expressed as cumulative counts per
stimulus of 2.0 s. Dynamic responses during the 0.1 s
rising phase were found to be consistently in the range
of 10% of the total responses. With the help of the Isaac
AD converter connected to a 6502 based microcomputer
the numerical values of the cumulative counts, forces and
displacements could be obtained immediately after each
stimulus.
b) CONSTANT DISPLACEMENT
The electronic vibrator was driven by the RC-coupled
square waves to give the repetitive pattern of constant
displacement mechanical stimulation. By varying the
reference voltage, i.e. the amplitude of the gated pulse,
the desired displacement values could be achieved. The
rise time of the dynamic phase was within 100 ms and the
reset phase at the end of the constant displacement was
also about 100 ms. With the installation of the function
generator, the rising phase of the electrical signal was
set to be 200 ms in a ramp form and with an appropriate
gain setting of the electronic feedback unit the dynamic
Phase of the displacement profile was about 250 to
300 ms. The reset of displacement after the plateau phase
was fast. Within 50 ms the stimulation probe will be
returned to the original starting position.
The forces of stimulation were measured directly from the
force transducer where the stimulating probe was directly
attached. Displacements were always below 3 mm and the
range of force during the constant displacement
mechanical stimulation was below 25 mN in general.
In a normal pattern of repetitive mechanical stimulation,
the units were subjected to several trains of 30
repetitive stimuli: with a recovery time of at least 6
minutes between runs. According to Petit and Galifret
(1982) 3-4 minutes were required for the skin to regain
its resting position after strong indentation. The
displacements were adjusted to give resulting forces of
the first stimulus in a force range comparable to the
values used in the constant force experiments.
5) Data Storage and Statistical Analysis:
During each experiment, (i.e. each run of constant force
mechanical stimulation with 30 repetitive stimuli),
displacement, force, cumulative count of nerve impulses
and arterial blood pressure were directly recorded on a
four channel chart recorder. Data were also stored on
floppy diskettes and magnetic tapes for further
statistical analysis and investigations.
a) CHART RECORDER:
A four channel chart recorder (Lectromed MX412 or
Graphtec WR3101) was used. The channels were assigned for
the forces, displacements, cumulative counts of nerve
impulses and arterial blood pressure. The chart width for
each channel was 5 cm and 8 cm for the Lectromed and
Graphtec recorder respectively. The force, counts and the
blood pressure channels were calibrated each morning
before the electrophysiological experiments, the force
was calibrated by placing standard weights of 1 g and 2 g
°n the Statham force transducer and the amplification
adjusted such that half of the total channel width
represented 2 g. The count channel was calibrated to give
a pen deflection of 1 mm per 4 nervous impulses. The
blood pressure channel was calibrated with a
sphygmomanometer acting on the Bell Howell pressure
transducer (type 4-422) and the pen deflection was
adjusted to 40 mm per 100 mm Hg.
For the displacement channel, the calibration was more
complicated. A micrometer was attached to the stimulator
which was advanced by applying different reference
voltages. The output voltage from the optical
displacement transducer was monitored. This voltage
showed a linear relationship with the micrometer readings
indicating the displacement of the probe. The
amplification was adjusted to give an output signal of 1
volt per 1 mm movement of the transducer corresponding to
2 cm pen excursion on the chart
During each run, the date, rat number, unit number, run
number and other descriptions concerning that run were
written on the chart paper along with the run. A chart
speed of 100 mm per minute was used to give clear
representations of data. The event marker channel was
used to mark the trigger pulses for each mechanical
stimulus.
b) MAGNETIC TAPE:
A Hewlett Packard 3964A four channel tape recorder was
used containing three FM channels and one direct channel.
The three FM channels were employed for recording of
spikes, forces and displacements. All channels were
calibrated to give an output signal of the same
amplitude as the input signal. The original signal from
the recording electrodes in contact with the nerve fibre
were recorded on tape after appropriate amplification.
Thus the number of spikes could be counted again in case
that the discriminator level of the spike processor had
not been adjusted to its optimal position. This also
permitted to redefine the counting intervals so that the
number of nerve impulses for certain periods could be
counted again for further investigations and analysis.
The direct channel was used as sound track to give a
detailed descriptions on tape before the start of each
particular run. During the run the trigger pulses
representing the start and end of each mechanical
stimulus were recorded on the direct channel. During
replay of the tapes these trigger pulses could be used-
for synchronization. The force signals recorded on tape
were unfiltered signals from the force transducer so that
any irregular vibration could be observed during the
replay of the tape.
c) FLOPPY DISKETTS:
i) FORCES, DISPLACEMENTS AND NERVE IMPULSES:
With the installation of an Isaac AD converter and the
6502 based microcomputer. The following parameters were
stored on the diskettes. The data file of the original
data consisted of 69 data fields for each constant force
or constant displacement mechanical stimulus. The first
nine blocks were assigned for:
1. stimulus number; 2. record time at the beginning of
run; 3. code number which could be used to mark events;
4) 5) and 6) were the number of TTL pulses representing
nerve impulses during interstimulus interval, dynamic
phase and plateau phase of the stimulation recorded
through the counter input of the Isaac lab interface.
Value no. 7, 8 and 9 represent the residual displacement
and contact force immediately after the start of the
stimulus and the AD value of the cumulative counts
during the interstimulus interval. The next 30 fields
were assigned for the digitized values of forces,
displacement and counts from the Isaac AD converter at a
sampling rate of 30 ms over a period of 300 ms which
covered the dynamic phase of the stimulus and the initial
part of the plateau phase. Then the last 30 fields were
assigned for the digitized value of forces, displacements
and cumulative counts from the Isaac AD converter at a
sampling rate of 200 ms during the plateau phase of the
stimulus. The total numbers of counts obtained at field
no. 5 and no. 6 were used to compare to the number of•:
counts obtained from the cumulative count (field 69)
obtained through the AD converter as a control.
At the end of each experiment, the data file was
compressed or condensed to a new file which contained the
following parameters for each individual mechanical
stimulus.
1) residual indentation (displacement just preceding
each stimulus in mm) which was the displacement value
sampled during the first 5 ms of the dynamic phase of
mechanical stimulation. The actual movement of the
probe started about 30 ms after the trigger pulse. This
time can be considered as latency period of the feedback
control unit. 2) maximal indentations (displacements at
the end of the plateau phase) which was the mean value of
the last four sampled values during the last 800 ms of
sampling period. 3) stroke amplitude: the difference
between the maximal and residual indentation. 4) contact'
force: the force value during the first 20 ms of dynamic
phase of the mechanical stimulation which was actually
the contact force at interstimulus interval. 5) the final
force of stimulation: the force values obtained by the
average of the last 4 sampled values during the last
800 ms of sampling period. 6) the change in force during
stimulation: the difference between the final and contact
force. 7) number of spikes during the interstimulus
interval (CINT) before the stimulus: the value obtained
at the field no. 3 which was the AD converted value of
the analogue signal from the spike processor just before
the reset preceding the mechanical stimulus. 8) number
of spikes during the dynamic phase of the stimulus, i.e.
number of cumulative counts obtained during the dynamic
phase at a sampling rate of 30 ms (total 300 ms). 9) the
number of spikes during the plateau phase of the
mechanical stimulus (CPLAT). Number of cumulative counts
obtained during the plateau phase at a sampling rate of
200 ms (total: 2s). 10) Number of spikes during the
entire period of the stimulus (CSTM): the sum of 8) 9).
11) The number of impulses from the counter input of the
Isaac (sum of field 5 and 6 in the original file). 12)
The code number as a marker.
Thirty sets of above mentioned values were obtained after
the compression from the original file and stored in a
new file (in such a standard format) for statistical
analysis and further investigation. The original data
files were retained for possible manipulation of data in
the future. A hard copy of the compressed file was
obtained through a C. Itoh dot matrix printer (Model
1550).
ii) INTERSPIKE INTERVALS (ISI):
After the electrophysiological experiments, the tapes
were replayed for a detailed analysis of the spike
trains. The analogue signal of the cumulative count
output of the spike processor was amplified to give an
amplitude of IV per 50 counts. Each spike led to a
stepwise increase of the analogue signal which increased
with the number of spikes (i.e. 20 mVspike). The time
interval between steps represented the interspike
interval. The digitized values at a sampling rate of 1 ms
throughout the stimulus were obtained from the Isaac AD
converter and 6502 based microcomputer. The percentage
distribution of interspike intervals (ISI) were analyzed
for the following periods of the first stimulus of each
train of 30 repetitive stimuli:
1) the dynamic and early static phase (i.e. mode A: 1-200
ms; mode B: 1-300 ms);
2) last second of the plateau phase (i.e., mode A: 1000-
2000 ms; mode B: 1200-2200 ms);
3) the dynamic and plateau phase (or the full duration of
each stimulus) (i.e. mode A: 1-2000 ms; mode B: 1-
2200 ms) of the constant force mechanical
stimulation were obtained.
d) STATISTICAL ANALYSIS:
i) FORCES, DISPLACEMENTS AND NERVOUS RESPONSES:
Statistical analysis of the data was carried out using
Student's t-test (for two samples) and the results were
tl
expressed as mean+ standard error of mean (SEM). The
minimal requirement of significant differences was set at
a significant level of P_0.05. Statistical analysis was
performed by the 6502 based microcomputer. All the
related compressed files which the means had to be
calculated could be read into the memory of the computer.
A program in Basic was designed to calculate the mean
values from different files. So a mean file containing
all the mean values of displacements, forces, and counts
could be obtained. With another statistical program in
Basic, different mean files could be compared by
Student's t-test. A result file could be obtained with a
hard copy printout of the mean values, standard
deviations, standard errors of means, differences between
groups, t values and the significance levels.
ii) INTERSPIKE INTERVALS:
The results of the interspike interval analysis were
presented as percentage histograms and cumulative
Percentage histograms. The latter were subjected to the
Kolmogorov-Smirnov two-sample test. The test compares
the maximal percentage difference between two groups with
a reference value- D(5%) which was determined by the
sample sizes of the two groups.
6) VITAMIN A DEFICIENCY:
a) RAISING OF VITAMIN A DEFICIENT RATS:
Experiments were performed on Sprague-Dawley rats raised
on a vitamin A deficient (v.A.d.) purified diet (Purina,





















Three weeks after birth, the weanlings were divided into
4 groups of 10 rats each according to sex (i.e. male
v.A.d., male controls, female v.A.d. and female controls)
and fed with vitamin A deficient diet for both v.A.d. and
control groups ad libitum. Drinking water from tap was
also given ad libitum. The controls were given 30 i.u. of
a water soluble vitamin A concentrate (Acrovit, Roche)
Per 40 ml drinking water. Six weeks after birth', control
and v.A.d. animals were paired. Pairs were matched
according to sex and body weights. Each animal was given
its own cage. Drinking water was given ad libitum to both
groups of animals, but for the control groups additional
vitamin A concentrate (Acrovit, Roche) of 30 i.u. in
40 ml drinking water was given. Warner Breuer (1972)
had suggested that a minimal requirement for growth
should be 200 i.u. per kg body weight of rat per day and
this level should give excellent weight gain, optimal
longevity and some traces of liver storage.
On alternate days the animals were weighed. Rats in the
v.A.d. group were supplied with diet ad libitum. The
amount of diet consumed and wastage was determined for
each rat every morning in this group and an equal amount
of diet was given to the pair-fed control animal the
following day. The amount of food consumed per day was
calculated from the difference in the amount of diet in
the diet tray minus the amount of diet left over on the
bottom tray underneath. Usually sawdust was put on the
bottom tray to absorb the urine and water, from the faeces
so as to minimize air pollution. In our experiments, the
area on the bottom tray beneath the diet tray was made
free of sawdust by pushing the sawdust away from that
area with a piece of metal plate. Each morning the diet
fallen onto the bottom tray was carefully collected and
weighed.
For example, on the morning of day 1, X g of v.A.d. diet
was placed in the diet tray for a v.A.d. animal and in
the morning of day 2, Y g of diet was left behind and the
amount of diet collected from the bottom tray was Z g.
The net amount of diet consumed by the v.A.d. rat between
day 2 and day 1 would be X-Y-Z g. Therefore, on the
morning of day 2, the corresponding pair-fed age and sex
matched control would be given X-Y g of v.A.d. diet for
the day assuming the same amount (Z g) of diet would be
wasted during the eating process. This method implies
that there was a time lag of one day concerning the
feeding of the pair-fed animals. As soon as the rate of
growth of the animals started to slow down in the v.A.d.
groups, supplement of 7 i.u. vitamin A concentrate
(Acrovit, Roche) was added to each 40 ml of drinking
water, and if required, higher doses of vitamin A
concentrate were given intra-orally with a blunted
syringe.
Electrophysiological and electronmicroscopical investiga¬
tions were performed in both groups of animals between
week 35 and 46 after birth.
b) ELECTROPHYSIOLOGY AND MECHANICAL STIMULATION:
A detailed description of the method has been mentioned
above in the general method section. Nervous responses of
the s.a.I. receptors to stimulation with trains of 30
constant force mechanical stimuli were recorded. Mode A
of the constant force mechanical stimulation was used
without the function generator to produce ramp signals.
Resistor-capacitor coupled square waves were used to
produce the reference signals for the dynamic and plateau
phase of the mechanical stimulation. Individual stimulus
rose over 0.1 s to a force of 20 mN at which force level
was kept until the end of the stimulus. Total duration of
individual stimuli was 2.0 s (i.e. 0.1 s of dynamic phase
and 1.9 s of plateau phase). The time between stimuli
(i.e. interstimulus interval) was 0.7 s. During this time
a contact force of 0.5 mN was maintained. Trains of
repetitive stimulation were applied to each receptor
between 2 and 5 times. Recovery time between runs was at
least 6 minutes.
All the forces of mechanical stimulation were maintained
by an electronic feedback unit which was designed and
built by the Electronics Department of the Chinese
University of Hong Kong. Small skin samples with touch
domes were removed immediately after each experiment and
fixed in 4% glutaraldehyde or formal saline for
morphological studies of the s.a.I. receptors during
v.A.d. The results of the morphological studies have
been presented in a recent paper (Baumann,Cheng-
Chew,Hamann and Leung, 1986) and will not be discussed in
the thesis.
c) EXPERIMENTAL SAMPLES FOR ELECTROPHYSIOLOGY:
In 6 v.A.d. rats, 19 units were subject to a total number
of 69 runs in which the force of stimulation was adjusted
to 20 mN(+_ 0.5 mN). The results were compared with those
obtained in 6 control rats with 15 units and a total
number of 48 runs. All results are expressed as mean+_
SEM. For statistical analysis of the data, Student's t-
test was used. The minimum requirement for statistical
differences was set at a significance level of P_0.05.
7) NEOMYCIN:
a) CHRONIC NEOMYCIN INJECTIONS:
Female Sprague-Dawley rats were used in this experiment.
After six weeks to eight weeks of normal development,
rats of same age with average body weights of 250 g
received a course of 21 daily injections of neomycin
(Mycifradin: Neomycin sulphate, (Upjohn) (100 mgkg,
i.m.)). Mycifradin came with 350 mg of neomycin powder in
a glass vial. In order to have an injection dose of
100 mg of neomycin per kg body weight and 1 ml of
neomycin per kg of body weight, 3.5 ml of 0.9% normal
saline (NaCl, BDH) was injected into the glass vial to
make a concentration of 100 mgml. For example, a rat
with a body weight of 200 g would receive 0.2 ml of this
neomycin solution intra-muscularly.
Twenty rats were used for the chronic injection of
neomyin. Each morning during the course of injection, the
rats were weighed and received the appropriate amount of
neomycin. Ten rats were used as controls and they were
injected with a similar volume (1 mlkg) of 0.9% normal
saline. All the rats were age matched, both groups of
animals received the injections (i.e. either neomycin in
saline or saline) at the same period. All the rats were
fed with normal rat chow (Purina 5001C, U.S.A) ad libitum
and drinking water was also given ad libitum. Within one
month after the last injection of neomycir
electrophysiological and electronmicroscopica1
investigations were performed.
b) ELECTROPHYSIOLOGY AND MECHANICAL STIMULATION:
The same mode and pattern of constant force mechanical
stimulation was used which were the same as for the
vitamin A deficient rats (i.e. mode A was used with
trains of 30 constant force mechanical stimuli). Without
a function generator to produce a ramp signal for the
dynamic phase of the mechanical stimulation. The
resistor-capacitor coupled square waves were used to
produce signal for the dynamic and plateau phases of the
mechanical stimulation. The dynamic phase lasted for
0.1 s. and the plateau phase lasted for 1.9 s. The
interstimulus interval was 0.7 s. with a contact force
of 0.5 mN.
c) EXPERIMENTAL SAMPLES FOR ELECTROPHYSIOLOGICAL STUDIES:
11 rats from the neomycin injected groups with 28 units
and 85 runs were studied and compared with 9 control rats
with 15 units and 51 runs. The force of stimulation was
generally adjusted to 20 mN(+ 0.5 mN). All results are
expressed as mean+_ SEM. For statistical analysis of the
data, Student's t-test was used. The minimum
requirement for statistical differences was set at a
significance level of p 0.05.
8) HYPOTHYROIDISM:
a) RAISING OF HYPOTHYROID RATS:
Methiraazole is a thionamide which is commonly employed in
the treatment of hyperthyroidism. When higher doses are
used hypothyroidism occurs (Vagenkis and Braverman,
1976). Twenty weaning Sprague-Dawley rats received 0.5%
(wv) Methimazole (1-methylimidazole-2-thiol) (Sigma,
U.S.A.) in normal drinking water ad libitum for three
months. Fifteen age and sex matched controls received
normal drinking water ad libitum. Both groups of animals
were fed with normal rat chow (Purina 5001C, U.S.A.) ad
libitum. Body weights were measured twice a week to
monitor the growth rate of the treated animals.
The antithyroid action of methimazole inhibits the'
synthesis of thyroid hormones, 0.1% (wv) of methimazole
solution has been shown to reduce the serum level of
thyroxine from a normal value of 3.8 ugdl to 0.1 ugdl
(Mulholland, Quigley, Bonsack Delaney, 1984). Such low
level of thyroxine affects the metabolism and growth rate
°f the animals. Thus, a reduced rate of growth was
expected in the methimazole treated animals as compared
to the controls. The differences in the mean body weight
°f the methimazole treated and control animals differed
significantly from week one onwards. After three months
°f treatment, the mean body weight of the treated animals
was less than 50% of that for the control value which
clearly indicated the hypothyroid state of the animals.
b) ELECTROPHYSIOLOGY AND MECHANICAL STIMULATION:
With the installation of the function generator to
produce a ramp signal of 200 ms rising time for the
dynamic phase of the constant force mechanical
stimulation mode B was used (refer to the general method
section). The dynamic phase (the rising time) was 0.2 s.
and the plateau phase was 2.0 s. with a rapid reset at
the end of the plateau phase within 30 ms. The
interstimulus interval was 0.5 s. with a contact force of
0.5 mN. That means a single cycle of constant force
mechanical stimulus lasted for 2.7 s. Usually a 20 mN
force of stimulation was used and a contact force of
0.5 mN was maintained during the 0.5 s. of interstimulus
intervals. In general, a repetitive pattern of 30
constant force stimuli was used and the nervous
responses, forces and displacements were recorded.
After the installation of an optical displacement
measuring device with photo-diode on the stimulator which
could give a linear response to the displacement of the
stimulation probe. The residual indentation, maximal
indentation and stroke amplitudes could be obtained
directly from the analogue output of the displacement
transducer after amplifications.
c) EXPERIMENTAL SAMPLES FOR ELECTROPHYSIOLOGICAL STUDIES:
In 6 hypothyroid rats, 16 units were subject to a total
number of 42 runs in which the force of stimulation was
adjusted to 20 mN(+_ 0.5 mN). The result were compared
with those obtained in 7 control rats with 22 units and a
total number of 72 runs. Stimulation forces of 10 mN was
also employed in this experiment on the same hypothyroid
and control rats. All results are expressed as
mean+ SEM. For statistical analysis of the data,
Student's t-test was used. The minimum requirement for





1) CONSTANT FORCE VERSUS CONSTANT DISPLACEMENT
STIMULATION:
At the beginning of the series of experiments on vitamin
A deficiency a number of control and vitamin A deficient
rats were examined electrophysiologically employing
constant displacement stimuli,, In this type of
stimulation the probe was initially adjusted to a
position where it just touched the skin without
appreciable contact force (i.e. approx. 0.1-0.2 mN).
During each stimulus the probe was advanced from this
position to a constant maximal displacement within 100 ms
and then kept at this value for 1.9 s. The probe then was
pulled back to its original position for 0.7 s before the
next stimulus started. The maximal displacement was
adjusted to give a resulting force of about 20 mN during
the plateau phase of stimulus no. 1 (Fig. 1). The results
obtained in 5 control rats (13 units with 21 runs)
employing constant displacement stimulation were compared
with results obtained from 6 control rats (15 units 45
runs) in which 20 mN constant force stimuli with the same
time parameters (mode A, see methods section) were used
(Fig. 2 3).
A) FORCE
Fig. 1. Original recordings of probe displacement in mm (lowe:
trace), resulting force in mN (middle trace) and response as nerv
impulses (upper trace) of a rat s.a.I receptor. A, constant fore
stimulus of 20 mN (mode B); B, constant displacement stimulus wit
a plateau force about 20 mN.
Fig. 2. Original recording of a standard train of thirty repetitive
constant displacement stimuli to a cutaneous s.a.I mechanoreceptor.
Upper trace: force; middle trace: cumulative counts of impulses per
stimulus; lower trace: displacement. Note the decrease in resulting
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Fig. 3. Original recording of a standard train of thirty repetitive
constant force stimuli to a cutaneous s.a.I mechanoreceptor. Upper
trace: force; middle trace: cumulative counts of nerve impulses per
stimulus; lower trace: displacement. Note the gradual increase in
maximal and residual indentation with increasing stimulus number in
order to maintain the stimulation force of 20 mN and the contact
















The force of stimulation in constant displacement mode
decreased during the train of 30 stimuli. Taking only
those runs into consideration, in which resulting forces
of close to 20 mN during the first stimulus were
obtained, there were significant differences in the
resulting forces of stimulation as compared to those with
constant force stimulation of 20+ 0.5 mN (P0.001) (Fig.
4) from stimulus no. 3 onwards. The force of stimulation
in constant displacement mode was 19.8_+ 0.5 mN during
stimulus no. 1 and dropped to 16.4_+ 0.3 mN during
stimulus no. 15 and 16.2+ 0.5 mN during stimulus no. 30
with a constant displacement of 1.44+ 0.08 mm throughout
the whole run.
B) DISPLACEMENT:
Fig. 5 shows the maximal and residual indentations during.,
constant force and constant displacement stimulation.
During each train of 30 repetitive constant force
mechanical stimuli, a small dimple developed in the skin.
Between individual stimuli, a constant contact force of
0.5 mN was maintained for 0.7 s during the interstimulus
interval. Recovery of the skin during this period was
slow so that some residual indentation was still present
at the beginning of the subsequent stimulus. The residual
indentation before the stimulus number 1 was• taken as
zero. There was substantial residual indentation already
just preceding the second stimulus (0.19+ 0.02 mm).
CONSTANT FORCE STIMULI: 20± 0.5 mN
6 rats, 15 units, 45 runs)
CONSTANT DISPLACEMENT STIMULI
[ 5 rats, 13 units, 21 runs
NUMBER OF STIMULUS
Fig. 4. Comparison of force profiles during 30 repetitive stimuli
with constant force and constant displacement. The first pair of
values was not significantly different, for the remaining 29 pairs
•1








From the second stimulus onwards, residual indentation
became more pronounced at a gradually decreasing rate
with later stimuli in sequences of thirty (Fig. 5).
Residual indentation just before the 30th stimulus was
0.41+ 0.03 mm. That is, there was a mean increase of
0.41 mm in residual indentation after 30 repetitive
stimul i.
For constant displacement stimulation, it was not
possible to measure residual indentation of the skin
since the stimulating probe was pulled back to the same
initial starting position without maintaining a contact
force between stimuli. This displacement value was taken
as zero, while in constant force mode the value just
before the first stimulus served as zero point. The
maximal indentations were maintained at a mean value of
1.44+ 0.08 mm during each constant displacement stimulus
throughout the train of 30 mechanical stimuli. For
constant force stimulation with 20+ 0.05 mN, the maximal
indentation was 1.37+ 0.06 mm at the beginning of the
sequence of thirty stimuli and 1.50+ 0.06 mm during
stimulus no. 30. Thus, maximal indentations increased
gradually by about 10% from the first to the last
stimulus in order to maintain the force of stimulation
constant. There was no significant difference between the
•
mean values of maximal indentation required for the
constant displacement and constant force mechanical
O CONSTANT FORCE STIMULI: 20± 0.5 mN
( 6 rats, 15 units, 45 runs)
CONSTANT DISPLACEMENT STIMULI






Fig. 5. Comparison of the displacements of 30 repetitive stimuli
applied with either constant force or constant displacement. Maximal
displacements were not significantly different throughout the
entire train of stimulation. Note the development of a marked
residual indentation in constant force mode at a contact force of
0.5 mN.
stimulation throughout the train of 30 mechanical stimuli
C) NERVOUS RESPONSE:
Mean values of nervous impulses in response to individual
stimuli decreased gradually from the first to the 30th
stimulus during both constant force and constant
displacement stimulation (Fig. 6). The drop in
responsiveness was most noticeable between the first and
second stimuli. The mean response to the first stimulus
was 206_+ 13 impulses with constant force stimulation
and 204_+ 15 impulses with constant displacement
stimulation. The decrease in responsiveness of the s.a.I
receptors during the 30 repetitive stimuli was more
pronounced if constant displacement than if constant
force stimulation was employed. After 10 stimuli, mean
responses had decreased to 43% and 57% of the first
response with constant displacement and constant force
stimulation respectively. After 20 stimuli, 31 and 39%
and after 30 stimuli, 25 and 28% of the first response
were observed with constant displacement and constant
force. The mean nervous responses during stimulus no. 30
were 50_+ 6 and 58+_ 4 impulses with constant
displacement and constant force stimulation respectively.
With constant force stimulation, a significantly higher
responsiveness of the s.a.I receptors was obtained as
compared to constant displacement stimulation (P_ 0.05
O CONSTANT FORCE STIMULI: 20± 0.5'mN
( 6 rats, 15 units, 45 runs)
CONSTANT DISPLACEMENT STIMULI
5 rats, 13 units, 21 runs)
NUMBER OF STIMULUS
Fig. 6. Comparison of the responses of s.a.I receptors to trains of
30 repetitive stimuli in either constant force mode or constant
displacement mode. Significant differences between corresponding
















for stimuli no. 4-6, 12, 14-15, 17-20, 22; P_ 0.01 for
stimuli no. 7-11, 13, 16). Thus, it can be concluded that
if repetitive stimulation is employed constant force
stimuli were more effective than constant displacement
stimuli. The decline in numbers of nerve impulses between
stimulus no. 4 and no. 20 was more pronounced if the
displacement was maintained than with constant force,
while no significant differences in the number of nerve
impulses in response to the the first 3 stimuli as well
as to the last 8 stimuli in a train of 30 could be
observed in spite of significant differences in
stimulating force at the end of the train of repetitive
stimuli. For the subsequent experiments, it was decided
to employ constant force stimulation as the standard mode
to stimulate the s.a.I receptors in the hairy skin of
rats under various conditions.
2) RANGE OF GRADED RESPONSE WITH DIFFERENT CONSTANT
FORCES OF MECHANICAL STIMULATION:
For quantitative assessment, the force of stimulation
applied to a s.a.I receptor should be in a range where
small deviations of its actual value at the receptor site
have relatively less influence on the nervous responses.
Data from normal rats aged thirteen to seventeen weeks
were used to examine the graded response of s.a.I
receptors to stimuli covering a wider range of forces.
For this study each unit was subjected to at least 3 runs
of constant force stimulation with forces of 5, 10, 15
and 20 mN (mode B) with a recovery time of at least 6
minutes between runs. Thus, the number of units in which
all four force levels could successfully examined were
relatively small amounting to 3 units only.
Figure 7 shows the mean number of nerve impulses from the
s.a.I receptors in response to trains of constant force
stimuli of 5 or 20 mN force. The gap between the two
curves was getting smaller with increasing stimulus
number not only in absolute but also in relative terms.
The nervous discharges with constant force stimulation of
20 mN were significantly higher than those with 5 mN (P
0.001) for all 30 stimuli. The mean nervous response to
20 mN force was 256+_ 15 impulses and 132+ 13 impulses
with 5 mN force during the first stimulus. At stimulus
no. 15, the mean nervous response was 75+ 4 impulses and
Fig. 7. Responsiveness of s.a.I receptors in mean numbers of nerve
impulses per stimulus to trains of constant force stimuli plotted
against ordinal number of stimulus. Stimulation forces were 20 mN
and 5 mN. Mean number of impulses obtained with stimulation force
of 5 mN were significantly smaller than the corresponding values
with 20 mN throughout the entire train of thirty stimuli (p0.00l).
32 +1 impulses with 20 mN and 5 mN force respectively.
These values decreased further to 45+ 4 and 17+_ 1
impulses at stimulus no. 30. The values obtained for
repetitive stimuli of 10 and 15 mN forces lay between
those for 5 and 20 mN respectively with higher responses
using 15 mN forces.
Figure 8 shows the results of the 3 units in which
stimuli of all 4 force values of 5, 10, 15 and 20 mN were
employed. The ordinate represents the number of impulses
obtained in the runs with the highest response to that
particular force of stimulation. The top (upper) curve
refers to the first stimulus out of the train of 30
stimuli where maximum responsiveness is reached as
compared to the rest of the cycle of mechanical stimuli.
The mean number of impulses increased generally in the
force range of 5 to 15 mN. Between 15 and 20 mN there was
only a slight, insignificant increase in the number of
impulses for the first three stimuli. However for the
higher stimulus numbers a plateau value was usually
reached at a stimulation force of 15 mN which was not
exceeded at 20 mN. Three broken lines were used to
represent the nervous responses at stimulus no. 2, 3, 4
from 5 mN to 20 mN force of stimulation so as to give a
better graphical representation of the results,.
Figure 9 shows the results of a unit from one rat in
MF AN VALUES OF 3 UNITS
NUMBER OF
STIMULUS
FORCE OF STIMULATION [mN]
Fig. 8. Responsiveness of s.a.I receptors in mean number of nerve
impulses of 3 units plotted against different forces of stimulation
(5-20 mN). The top curve refers to the first stimulus out of the
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Fig. 9. Responsiveness of s.a.I receptors in mean number of nerve
impulses of 1 unit plotted against different force of stimulation
from 5 to 30 mN (3 runs each). The curves refer to the stimulus






which stimuli of 6 different force values of 5, 10, 15,
20, 25, 30 mN were employed. The forces tested were in a
random order. The ordinate represents the mean number of
impulses obtained from 3 runs with that particular force
of stimulation. The top (upper) curve refers to the first
stimulus out of the train of 30 stimuli where maximum
responsiveness is reached as compared to the rest of the
cycle of mechanical stimuli. The mean number of impulses
increased in the force range of 5 to 15 mN. Between 15
and 20 mN, there was a slight decrease in responsiveness,
the situation was reversed when a force of 25 mN was
employed and a decrease in responsiveness was observed
when the force was increased up to 30 mN. For the higher
stimulus numbers a plateau value was reached at a
stimulation force of 20 mN. Three broken lines were used
to represent the nervous responses at stimulus no. 2,3,4
from 5 mN to 30 mN force of stimulation so as to give a
better graphical representation of the results.
These results indicate that in s.a.I receptors the range
of graded response was mainly limited to forces of
stimulation up to 15 mN. A further increase in force to
20 mN was only during the first few repetitive stimuli
able to increase the nervous response slightly further
(Fig. 8) or to decrease the nervous response slightly
(Fig. 9) which was statistically not significant. Thus, a
stimulus force of 20 mN can generally be regarded as
maximal, therefore, slight deviations of the actual force
at the receptor site, e.g., due to not exactly
perpendicular arrangement of the stimulating probe are
not likely to affect the nervous response to 20 mN
stimuli significantly. As mentioned in the above section,
20 mN was employed as the main force of mechanical
stimulation in all electrophysiological studies described
below.
3) COMPARISONS OF YOUNG AND ADULT RATS:
The young population consisted of the control rats of
the chronic neomycin experiments which had received 21
days injection of 0.9% NaCl at 2 months of age and fed
with normal rat chow (Purina 5001 C). The adult group
was the control population for vitamin A deficient rats
fed with a vitamin A deficient diet (Purina) supplemented
with vitamin A. Until 3 months of age, there were no
significant differences in body weight between the two
groups (P 0.2). The age of the animals at the time of
the acute electrophysiological experiments was 3-4 months
for the young rats and 9-11 months for the adult rats. In
9 young rats 15 units were examined with a total number
of 51 runs. The results were compared with those obtained
from 6 'adult' rats 15 units and 45 runs.
A) DISPLACEMENTS:
On applying repetitive stimuli of constant force (mode A
was employed) (see Fig. 3 of section one of the results)
the maximal indentation required to maintain the same
stimulation force of 20 mN generally increased with
increasing stimulus number (Fig. 10). Similarly, the
residual indentation at a contact force between stimuli
(i.e. during interstimulus intervals) of 0.5 mN increased
to an even larger extent (Fig. 10). As a result the
stroke amplitudes decreased throughout the train of
CONSTANT FORCE STIMULATION: 20± 0.5 mN 4
□ YOUNG( 3 to 4 months)
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Fig. 10. Displacements needed to maintain a contact force of 0.5 mN
(residual indentation) and the force of stimulation at 20+ 0.5 mN
(maximal indentation) plotted against ordinal number of stimulus for
trains of thirty repetitive stimuli in young (9 rats, 15 units, 51
runs) and adult rats (6 rats, 15 units, 45 runs). Comparison of the
corresponding values between both groups are all statistically
significant (p0.00l) except for the residual indentation before







thirty repetitive stimuli of constant force (Fig. 11).
Both age groups showed basically the same pattern of
changes of the displacement parameters although there
were great differences between the groups with respect to
the absolute displacement values. The indentation at a
contact force before the first stimulus was taken as zero
point of displacements for each individual train of
repetitive stimulation. Thus, for the first stimulus the
maximal indentation and stroke amplitude were the same.
The mean value was 1.37+ 0.06 mm in the adult rats and
2.12_+ 0.03 mm in the young rats. The mean residual
indentations just preceding stimulus number 30 were
0.41+_ 0.03 mm and 0.67+_ 0.02 mm respectively. The
maximal indentation of stimulus number 30 differed
sharply with 1.50+ 0.06 mm in the adult rats and
2.47+ 0.04 mm in the young group. Consequently, the
resulting stroke amplitudes were 1.09_+ 0.04 mm and 1.8+
0.04 mm respectively. Comparing the corresponding
displacement values of the two age groups statistically
the residual and maximal indentations as well as the
stroke amplitudes throughout the entire train of thirty
stimuli were different at a significant level of P
0.001 (Fig. 11).
If the values obtained from the first stimulus were taken•t
as 100%, the maximal indentation increased to 112+ 3% up
to the 30th stimulus in the adult and to 117_+ 1% in the
CONSTANT FORCE STIMULATION: 20± 0.5 mN
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NUMBER OF STIMULUS
Fig. 11. Stroke amplitude (difference between maximal and residual
indentation) needed to maintain a constant force of stimulation of
20 mN plotted against ordinal number of stimulus for trains of
thirty repetitive stimuli for young and adult rats. Same samples as
in fig. 10. Comparison of the corresponding values between both
groups are all statistically significant (p0.00l).
young group, while stroke amplitudes for stimulus 30 were
82_+ 2% and 85+ 1% respectively of those for the first
stimulus. Thus, it appears that the age related changes
in skin compliance are proportional in the force range
examined in this study.
B) NERVOUS RESPONSES:
In spite of the pronounced differences between the
absolute displacement values obtained from both groups
there were only minor differences between the nervous
responses of receptors in young and adult rats (Fig. 12).
Responses to the first stimulus were 206_+ 13 impulses in
the adult rats and 211_+ 6 impulses in the young rats.
Mean number of impulses decreased throughout the train of
thirty stimuli in both groups in a very similar manner.
For the last stimulus the mean responses were 58+ 4 and:
56+3 impulses respectively. Significant increases at a
level of P, 0.05 in the adult rats as compared to the
young rats could only be observed for the responses to
stimuli number 9 to 13, 15 and 16.
The percentage distribution of interspike intervals (ISI)
during the full period of stimulus no. 1 are shown in
Fig. 13. The spikes were obtained from the first constant
force stimulus of 20 mN lasting for 2.0 s during the
first stimulus of each run. 15 and 20 runs respectively
were randomly selected from the young and adult
CONSTANT FORCE STIMULATION: 20± 0.5 mN
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Fig. 12 Responsiveness of s.a.I receptors (in mean number of nerve
impulses per stimulus) to trains of constant force stimuli
(20 +0.5 mN) plotted against ordinal number of stimulus for
young and adult rats. Same samples as in fig. 10 and fig. 11.
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Fig. 13. The percentage distribution of interspike intervals (ISI)
during the full period (1-2000 ms) of stimulus no. 1 at an interval
range of 1-50 ms. A, young rats (3-4 months, 15 runs); B, adult
rats (9-11 months, 20 runs).
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line,
young rats; thicker line, adult rats. Differences between the 2






populations for the analysis of ISI distributions. All
percentiles were shifted by up to 14% to shorter
intervals in adults in contrast to the young rats. The
relative contributions by the shortest intervals of about
1 ms were 3 and 8% in young and adult rats respectively.
No specific shift of ISI at any particular range of
intervals was observed. Using the Kolmogorov-Smirnov
test the maximal percentage difference in ISI
distribution was 15.0 at the ISI of 5 ms between the two
groups which was larger than the D(5%) value of 12.2.
There were significant differences between the young and
adult animals during the full period of mechanical
stimulation (p 0.05).
The percentage distribution of interspike intervals
during the dynamic phases (1-200 ms) of the first
stimulus are shown in Fig. 14. The 25-, 50-, 75- and 90-
percentiles of the intervals were only up to 1 ms shorter
in adult rats than in control. Thus during the dynamic
phase (1-200 ms), there was only a slight overall shift
of ISI distributions from 0 to 1 ms to shorter values in
adult units. The relative amount of the shortest class of
intervals of below 2 ms was about 6 and 17% in young and
adult rats respectively. The maximal percentage
difference in ISI distribution was 10.9 between the two
groups at the ISI of 1 ms which was smaller than the
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Fig. 14. The percentage distribution of interspike intervals (ISI)
during the dynamic phase (1-200 ms) of stimulus no. 1 at an interval
range of 1-25 ms. A, young rats (3-4 months); B, adult rats (9-11
months).
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line,
young rats; thicker line, adult rats. Same samples as in fig. 13.
in ISI distribution during the dynamic phase (p 0.05).
The percentage distribution of interspike intervals
during the last 1 s of the plateau phase (1000-2000 ms)
of the first stimulus are shown in Fig. 15. The 25-, 50-,
75- and 90-percentiles of the ISI were up to 29%. in
adult animals than in the young ones indicating a 1-2 ms
shift to shorter intervals in the adults than in the
young. The relative contribution by the shortest
intervals of about 1 ms were 2.4 and 17% for the young
and adult animals respectively. The maximal percentage
difference in ISI distribution was 20.6 between the two
groups at the ISI of 5 ms which was larger than the D(5%)
value of 19.6. There were significant differences in ISI
distribution between the young and adult animals during
the last 1 s of the plateau phase (p_ 0.05).
There was almost no shift in the distribution of
interspike intervals during the dynamic phase (1-200 ms).
Comparing the result of the distribution of ISI during
the entire stimulus (i.e. 1-2000 ms) and the last 1 s of
plateau phase (i.e. 1000-2000 ms), the shift of ISI to
the shorter intervals at 25-percentile of the entire
stimulus were mainly due to the shift in the distribution
of spikes during the last second of the plateau phase
(Fig. 15). The ISI distribution for the young animals was
found to be non-symmetrical with a peak value at interval
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Fig. 15. The percentage distribution of interspike intervals (ISI)
during the last 1 s of the plateau phase (1000-2000 ms) of stimulus
no, 1 at an interval range of 1-50 ms. A, young rats (3-4 months);
B, adult rats (9-11 months).
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line,
young rats; thicker line, adult rats. Same samples as in fig. 13





of distribution seemed to be shifted to the left with a
peak value at interval of about 7 ms. The analysis of the
maximal percentage differences between the two groups
indicated no difference in ISI distribution during the
dynamic phase. There were significant differences in ISI
distribution during the last 1 s of the plateau phase and
the full period of the mechanical stimulation between the
young and adult animals (p 0.05).
4) VITAMIN A DEFICIENCY:
a) Growth and Development:
Approximately 9 weeks after birth, it became apparent
that the v.A.d. rats grew more slowly than animals in the
control group (Figure 16 17). From this time onwards
the general appearance of the animals on a v.A.d. diet
changed in that the hairs were in an upright position.
There was increased loss of hair and the animals started
to look unkempt. There was more dandruff to be seen on
the skin surface of the v.A.d. rats than in the pair fed
control animals. The hair of the v.A.d. animals also
became less shiny as compared to the controls.
Between weeks 10 and 17, many v.A.d. rats developed
muscular weakness. At the same time the animals ceased to
gain weight. Such muscular weakness was observed during
the body weighing procedures. The v.A.d. animals did not
show any effort to stand up, nor did they try to move
away from the weighing pan. When the v.A.d. animals were
placed on a bench, they did not raise their body clear of
the ground. The muscular weakness responded well to
substitution therapy with small doses of vit. A
concentrate (approx. 30 i.u. per day). At week 25, the
mean body weights of v.A.d. rats were 434.6+_ 12.5 g
Fig. 16. Growth curves of the male animals during the vitamin A
deficiency experiment. Abscissa: mean body weight in g; ordinate,
age of rats after pairing (i.e. 6 weeks after birth) in weeks. From
week 0 to 11: n=15 pairs. The number of animals in both groups
declined gradually from week 12 onwards due to natural death or use
for the acute electrophysiological experiments from week 29 onwards.
Differnces between 2 groups were significant from 3 weeks after
pairing (i.e. 9 weeks after birth) (p£0.05).
Fig. 17. Growth curves of the female animals during the vitamin A
deficiency experiment. Abscissa: mean body weight in g; ordinate,
age of rats after pairing (i.e. 6 weeks after birth) in weeks. o
From week 0 to 11: n=20 pairs. The number of animals in both groups
declined gradually from week 29 onwards. Differences between 2
groups were significant from 3 weeks after pairing (i.e. 9 weeks
after birth)(p£0.05).
(n=12) for male rats and 308. 8_+ 11.2 g (n=16) for
females. Both values were significantly lower than those
for the pair-fed control group. (Male 511.1+ 10.1 g
(n= 12); female 341.1+ 10.8 g (n= 16); male P_ 0.001,
female P_ 0.01). It was a common observation during
acute experiments that there was little subcutaneous fat
in both v.A.d. as well as in control animals. The
differences in the composition of the diet, i.e. commonly
used lab chow 5001C (Purina) and vitamin A deficient
purified diet (Purina) and the pair-fed conditions
account for the observation. The loss of appetite during
vitamin A deficiency would lead to an under fed condition
for the pair-fed controls as well. Therefore, the amount
of subcutaneous adipose tissue in both group of animals
appeared to be reduced.
During the weeks following the cessation of growth, most
animals produced a dark discharge from the medial ocular
angle (similar to a small wound with some blood clots),
but there was no overt scarring of the cornea. This
condition could be reversed by vitamin A concentrate
supplement fed orally (30 i.u. Vitamin A per ml) for
several days. Some rats also developed skoliosis of the
spine. From week 37 onwards, loosening and growth
abnormalities of the teeth started to become noticeable.
The v.A.d. animals failed to shorten their teeth, their
teeth grew longer and bent inwards. The colour of the
teeth changed from yellow to white. Due to the overgrowth
of the teeth to almost double of their original length,
and the curved inward growth of the teeth, some v.A.d.
animals were unable to bite properly. Therefore, the body
weights of the v.A.d. animals began to drop after forty
weeks of age. A substantial decrease in the activities of
the animals was observed during the weighing procedures.
The loss of hair became more and more prominent with
increase of dandruff.
Since the animals were pair-fed, the decrease in appetite
of the v.A.d. animals due to vitamin A deficiency reduced
the amount of rat chow supplied to the corresponding
controls. Some of the v.A.d. animals, stopped eating at
all. In this circumstance an appropriate amount of
v.Aod. rat chow was given to the paired controls so as to
keep these control animals alive.
Male animals were more susceptible to the pathological
effects of vitamin A deficiency. All the pathological
signs came earlier in the male v.A.d. rats. But the
mortality rate of the male v.A.d. animals was similar to
the females, i.e. 5 out of 20 and 5 out of 15 in male
v.A.d. and female v.A.d. respectively up to 35 weeks
after birth. Most of the v.A.d. animals appeared to be
very week because they stopped eating and drinking 40
weeks after birth.
b) Displacements during mechanical stimulation:
The type of stimulation employed in this experiment was
mode A (methods section). Force was the independent and
displacement the dependent variable. An electronic
feedback unit was used to adjust the displacement of the
stimulation probe to maintain a plateau force of 20 mN
during each individual stimulus. The values for maximal
indentation during each individual stimulus, residual
indentation during the interstimulus period and stroke
amplitude (i.e. the difference between maximal and
residual indentation) were all substantially larger (P
£0.001) .in results from the vitamin. A deficient group
than from the control group (Fig.18). Maximal
indentation was 1.88£ 0.05 mm at the beginning of a
sequence of thirty stimuli and 2.12£ 0.06 mm for the
last stimulus. The corresponding values for the control
group were 1.37£ 0.06 mm and 1.50£ 0.06 mm. Maximal
indentations increased gradually to the same extent of
about 10% from the first to the last stimulus in either
group. Throughout the whole train of thirty repetitive
stimuli, the displacements needed in the vitamin A
deficient rats to produce a force of 20 mN were about 40%
larger than the corresponding control values.
After each train of 30 repetitive constant force
mechanical stimuli, a small dimple was left in the skin.
CONSTANT FORCE STIMULATION: 20± 0.5 mN
o CONTROL( 6 rats, 15 units, 45 runs)






Fig. 18. Displacements to maintain a contact force of 0.5 mN
(residual indentation) and the force of stimulation at 20+ 0.5 mN
(maximal indentation) plotted against ordinal number of stimulus for
trains of thirty repetitive stimuli in vitamin A deficient and
control rats. Comparison of corresponding values between both
groups are all statistically significant (p0.00l), except for the
residual indentation before stimulus no. 1 (zero point).
Between individual stimuli, a constant contact force of
0.5 mN was maintained. Recovery of the skin during this
time was slow so that some residual indentation was still
present at the beginning of the subsequent stimuli. The
residual indentation before stimulus number 1 was taken
as zero. There was substantial residual indentation
already just preceding the second stimulus (0.19_+ 0.01
mm, control; 0.38+ 0.03 mm, vitamin A deficient). From
the second stimulus onwards, residual indentation became
more pronounced at a gradually decreasing rate with later
stimuli in sequences of thirty (Fig. 18). Residual
indentation just before the 30th stimulus was 0.41+ 0.03
mm for the controls and 0.67+ 0.03 mm for the vitamin A
deficient group. Thus, the increase in residual
indentation at contact force of 0.5 mN was significantly
(P_ 0.001) larger in the vitamin A deficient animals
than in the controls. The difference between residual
indentations of the two groups was more pronounced at the
beginning of the trains of thirty stimuli than at the
end.
The stroke amplitude was defined as the difference
between maximal indentation during and residual
indentation at the beginning of a stimulus. The stroke
amplitudes were about 30% larger in the vitamin A
deficient population than in the controls throughout the
train of thirty stimuli (Fig. 19). The differences
between groups were also highly significant (P_ 0.001).
CONSTANT FORCE STIMULATION: 20+ 0.5 mN
o CONTROL( 6 rats, 15 units, 45 runs)
VAD( 6 rats, 19 units, 59 runs)
NUMBER OF STIMULUS
Fig. 19. Stroke amplitudes needed during constant force stimulation
plotted against ordinal number of stimulus for trains of thirty
repetitive stimuli in vitamin A deficient and control rats.
Comparison of corresponding values between both groups are all
statistically significant (pO.001).
In both populations there were steep drops between the
first and second stimuli and to a lesser extent between
the following four stimuli. Presumably this was due to
the extrusion of tissue fluid. Over the following twenty
five stimuli there was relatively little change in the
size of the stroke amplitudes.
c) Nervous Response:
Mean values of nervous impulses in response to individual
stimuli decreased gradually from the first to the 30th
stimulus in both the control as well as the vitamin A
deficient populations (Fig. 20). The drop in
responsiveness was most noticeable between the first and
second stimuli. The mean response to the first stimulus
was 206+ 13 impulses for control units and 155+ 7
impulses for s.a.I receptors in vitamin A deficient
animals. After the first five stimuli mean responses had
dropped by 30%, after twenty stimuli by 60% and after
thirty stimuli by 75% of the values of the first
responses. In response to sequences of thirty standard
stimuli of 20 mN s.a.I. receptors were significantly less
responsive in vitamin A deficient rats than in control
rats (Fig. 20). The levels of significance for the
differences between the corresponding mean. values of
nervous responses from the two populations were all P_
0.05. For nineteen of the thirty responses, i.e. stimulus
CONSTANT FORCE STIMULATION: 20± 0.5 mN
o CONTROL( 6 rats, 15 units, 45 runs)
VAD( 6 rats, 19 units, 59 runs)
NUMBER OF STIMULUS
Fig. 20. Responsiveness of s.a.I receptors in mean number of nerve
impulses per stimulus to trains of constant force stimuli
(20_+ 0.5 mN) plotted against ordinal number of stimulus. Mean
number of impulses obtained in vitamin A deficient rats are
significantly smaller than the corresponding control values
throughout the entire train of thirty stimuli (p0.001 for stimulus,
no. 2 and no. 4-12; p0.01 for stimulus no. 1 and no. 13 to 30;
p0.05 for stimulus no. 3).
no. 2, stimulus no. 4-12 and stimulus 15-23, the
significance level was P £0.001. The responsiveness of
receptors in vitamin A deficient rats was reduced by
roughly 20-30% of the respective control values
throughout the entire train of stimulation.
The percentage distribution of interspike intervals (ISI)
during the full period of stimulus no. 1 are shown in
Fig. 21. The spikes were obtained from the first constant
force stimulus of 20 mN lasting for 2.0s during each run.
20 runs each for both the v.A.d. and control group were
randomly selected for this analysis: the mean number of
nervous impulses were 193 and 263 during the stimulus for
the v.A.d. and control group respectively. All
percentiles were shifted by about 33-40% to longer
intervals during v.A.d. in contrast to the controls. The
relative contribution by the shortest intervals of about
1 ms were 6.3 and 8% respectively. No specific shift of
ISI at any particular range of intervals was observed.
The maximal percentage difference in ISI distribution
between the two groups was 17.6 at the interspike
interval of 8 ms which was larger than the D(5%) value of
12.9. There were significant differences in ISI
distribution between the two groups during the full
period of mechanical stimulation (p 0.05).
The percentage distribution of ISI during the dynamic
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Fig. 21. The percentage distribution of interspike intervals (ISI)
during the full period (1-2000 ms) of stimulus no. 1 at an interval
range of 1-50 ms. A, vitamin A deficient rats (20 runs); B, control
rats (20 runs).
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line
vitamin A deficient rats; thicker line, control rats.. Differences






shown in Figure 22. The mean number of nervous impulses
were 41 and 50 during for the v.A.d. and control group
respectively. During the dynamic phase (1-200 ms) there
was only a small shift of IS I-percentiles of 0 to 2 ms to
longer values in v.A.d. units. The relative amount of the
shortest class of intervals of below 2 ms was about 17%
in both groups. The maximal percentage difference was 9.1
between the two groups at the IS I of 3 ms which was
smaller than the D(5%) value of 28.7. No significant
difference in the ISI distribution between the v.A.d and
the control group was observed during the dynamic phase
The percentage distribution of ISI during the last 1 s of
the plateau phase (1000-2000 ms) during stimulus no. 1 of
the constant force stimulus of 20 mN are shown in Fig.
23. The mean number of nervous impulses were 75 and 103
during the last Is of the plateau phase of the
mechanical stimulus for the v.A.d. and control group
respectively. The 25-, 50-, 75- and 90-percentile of the
ISI were all about 20 to 25% longer in the v.A.d. units
than controls, with a shift of 2 ms to longer intervals
in the v.A.d. units than in controls. The maximal
percentage difference was 21.9 at the ISI of 9 ms which
was slightly higher than the D(5%) value of 20.6. There
were significant differences in the ISI distribution
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Fig. 22. The percentage distribution of interspike intervals (ISI)
during the dynamic phase (1-200 ms) of stimulus no. 1 at an interval
range of 1-25 ms. A, vitamin A deficient rats; B, control rats.
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line,
vitamin A deficient rats; thicker line, control rats (Same samples
as in fig. 21).
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Fig. 23. The percentage distribution of interspike intervals (ISI)
during the last 1 s of the plateau phase (1000-2000 ms) of stimulus
no. 1 at an interval range of 1-50 ms. A, vitamin A deficient rats;
B, control rats.
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line,
vitamin A deficient rats; thicker line, control rats. (Same
samples as in fig. 21 and 22). Differences between the 2 groups
were significant (p_ 0.05).
INCIDENCE(%)
1 s of the plateau phase.
The results of the analysis of the interspike interval
distribution during the dynamic phase (1-200 ms), last
Is of the plateau phases and both dynamic and plateau
phase (1-2000 ms) showed no specific shifts of the
interspike interval distribution at any particular range
of intervals during vitamin A deficiency. The analysis
of the maximal percentage differences between the two
groups indicated no significant differences in the ISI
distribution during the dynamic phase. The significant
differences in the ISI distribution during the last 1 s
of the plateau phase accounted for the differences during
the full period of the stimulation.
5) CHRONIC NEOMYCIN INJECTIONS:
a) General: body weight
Daily injections of neomycin (100 mgkg body weight
intramuscularly) for 21 days resulted in significant
changes in body weight of these rats (Fig. 24). In
contrast to the control rats (receiving daily injection
of 0.9% NaCl) which showed an increase in body weight
over the 21 days period from 243. 9+_ 6.5 g to 270. 8+_
4.9 g (P. 0.01) (n=10), the growth in the neomycin
treated group was stagnant throughout the course of
injections from 257.0+ 4.8 g to 247.3+ 4.73 g. The
rats which were used for the experiment were from six to
eight weeks old, they were adolescent and not yet fully
grown up. After eight days of neomycin injection, the
mean body weight of the treated rats (243. 3 hh 4.5 g)
(n=18) were significantly lower than the controls (260.-1
5.1 g) (P C 0.05) (n=10). Similar significance levels
were observed throughout the rest of the injection
period.
Injection of 200 mgkg body weight and 300 mgkg body
weight of neomycin intramuscularly had also been tried on
rats of the same age. The animals died after a few days
of daily injection of the above doses. With the 100 mgkg
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Fig. 24. Development of the body weight of 18 rats during injection
with neomycin (100 mgkg i.m.) daily for 21 days in comparison with





b) Displacement during mechanical stimulation:
Mode A of constant force mechanical stimulation was
employed in this experiment. Force was the independent
and displacement was the dependent variable. An
electronic feedback unit was used to adjust the
displacement of the stimulating probe to maintain a
constant plateau force of 20 mN during individual
stimuli. In each run of stimulation, the units were
subjected to 30 repetitive 20 mN constant force
mechanical stimuli of 2 s separated by interstimulus
intervals of 0.7 s.
The values for maximal indentation during each individual
stimulus and the stroke amplitudes (i.e. the differences
between maximal and residual indentation) were all
substantially smaller (P 0.01 for stimulus no. 1 and
0.001 for stimulus 2 to 30) in results from the neomycin
treated population than in the controls (Fig. 25). The
mean values from the neomycin treated group for maximal
indentation were 1.94 +_0.04 mm at the beginning of a
sequence of thirty stimuli and 2.11+ 0.05 mm for the
last stimulus. The corresponding values for the control
group were 2.11+ 0.05 mm and 2.47+ 0.04 mm. Maximal
indentation increased gradually between individual
stimuli in sequence of stimulation to either group.
Throughout the whole train of thirty repetitive stimuli
CONSTANT FORCE STIMULI 20±0.5 mN
CONTROL
NEOMYCIN
( 9 rats, 15 units, 51 runs)






Fig. 25. Displacements to maintain a contact force of 0.5 mN
(residual indentation) and the force of stimulation at 20_+ 5 mN
(maximal indentation) plotted against ordinal number of stimulus for
trains of thirty repetitive stimuli in neomycin treated and control
rats. Comparison of corresponding values of maximal indentation
between both groups were all statistically significant (p_0.01 for
stimulus no. 1 and p_0i001 for stimulus no. 2 to 30). Differences
between corresponding values of residual indentation were not
significant (P 0.05).
the maximal indentations needed in the neomycin treated,
rats to produce a force of 20 mN were about 15% lower
than the control values.
Residual indentation before the first stimulus were taken
as zero for both treated and control groups. There was
substantial residual indentation already just preceding
the second stimulus (0.31+ 0.03 mm, control; 0.29+
0.03 mm, neomycin treated group). However, the rate of
increase in residual indentation became less pronounced
with higher numbers of stimuli in the train of repetitive
stimulation. The values for residual indentations were
similar between the neomycin treated and control groups.
Residual indentation just before the 30th stimulus was
0.68+_ 0.03 mm for the controls and 0. 66+ 0.03 mm for
the neomycin treated groups. Thus, there were no
significant differences between the treated and control
rats in residual indentations at contact force of 0.5 mN.
That is, the residual indentation showed the same pattern
of changes during the train of 30 repetitive mechanical
stimuli.
The stroke amplitude of a stimulus was the difference
between maximal indentation during and residual
indentation at the beginning of a stimulus. The mean
stroke amplitude during the first stimulus was 1.94+
0.04 mm for the neomycin treated groups and 2.12_+
0.04 mm for the corresponding controls (Fig. 26). During
CONSTANT FORCE STIMULI 20±0.5 mN
□ CONTROL ( 9 rats, 15 units, 51 runs)
NEOMYCIN ( 1 1 rats, 28 units, 85 runs
NUMBER OF STIMULUS
Fig. 26. Stroke amplitudes needed during constant force stimulation
plotted against ordinal number of stimulus for trains of thirty
repetitive stimuli in neomycin treated rats and control rats.
Comparison of corresponding values between both groups were all
statistically signficant (p0.01 for stimulus no. 1 and p0.001 for
stimulus no. 2 to 30).
the tenth stimulus, the mean stroke amplitude was 1.49_+
0.04 mm for the neomycin treated groups and 1.76+
0.04 mm for the controls. During the last stimulus, the
mean stroke amplitude was 1.45 0.04 mm for the neomycin
treated groups and 1.80+ 0.04 mm for the controls.
Stroke amplitudes were about 20% lower in neomycin
treated population than in controls throughout all thirty
stimuli. The difference was also highly significant (P
0.01 for the first stimuli and P _0.001 from stimulus no.
2 onwards). In both populations there were steep drops
between the first and the second stimuli and to a lesser
extent between the following four stimuli. Presumably,
this was also due to the extrusion of tissue fluid. Over
the following twenty five stimuli, there was relatively
little change in the size of the stroke amplitude (Figure
c) Nervous Responses:
Consecutive absolute mean values of nervous responses
decreased over the whole sequence of stimuli in both the
control as well as the neomycin treated groups (Fig. 27).
The drop in responsiveness was most obvious between the
first few stimuli. The mean response to first stimulus
was 211+ 6 impulses for the control units and 204+ 5
impulses for s.a.I receptors in neomycin treated animals.
After the first five stimuli, mean responses had dropped
CONSTANT FORCE STIMULI 20±0.5 mN
CONTROL
' NEOMYCIN
( 9 rats, 15 units, 51 runs)
( 1 1 rats, 28 units, 85 runs)
NUMBER OF STIMULUS
Fig. 27. Responsiveness of s.a.I receptors in mean number of nerve
impulses per stimulus to trains of constant force stimuli
(20 h- 0.5 mN) plotted against ordinal number of stimulus in neomycin
treated rats and control rats. Mean number of impulses obtained
in neomycin treated rats were significantly smaller than the
corresponding control values throughout the thirty stimuli except















by 50%, after twenty stimuli by 75% and after thirty by,
80% of the values of the first response.
In response to a sequence of thirty constant force
stimuli of 20 mN s.a.I receptors were less responsive in
neomycin treated rats than in control animals (Fig. 27).
During the first four stimuli (that is from stimulus no.
1 to stimulus no. 4), there were no significant
differences in the mean number of impulses from the s.a.I
receptors between the neomycin and control rats. From
stimulus no. five onwards, there were significant
differences in the mean number of impulses between the
neomycin treated and the control animals. (P_ 0.05 for
stimulus no. 5-7, 10, 12, 15; P jC0.01 for stimulus 8, 9,
11, 16, 17, 19, 20, 22, 27; P 0.001 for stimulus no.
18, 21, 23-26, 28-30). The responsiveness of s.a.I
receptors in neomycin treated rats was reduced by roughly
12-23% of the respective control values throughout the
entire train of stimulation.
The percentage distribution of interspike interval (ISI)
during the full period of stimulus no. 1 are shown in
Fig. 28. The spikes were obtained from the first constant
force stimulus of 20 mN lasting for 2.0s during of each
run. A random selection of 3 rats from each group
••
consisting of 17 runs from the neomycin treated group and
15 units from the controls were used for the analysis.
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Fig. 28. The percentage distribution of interspike intervals (ISI
during the full period (1-2000 ms) of stimulus no. 1 at an interva
range of 1-50 ms. A, neomycin treated rats (17 runs); B, contro
rats (15 runs)„
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line,





the neomycin and control group respectively. All
percentiles were shifted by about 18-29% to longer
intervals after chronic neomycin applications in contrast
to the controls. The relative distribution by the
shortest intervals of about 1 ms were about 3% in both
groups. No specific shift of ISI at any particular range
of intervals was observed. The maximal percentage
differences was 12.9 at the ISI of 7 ms between the
neomycin treated and control group which was smaller than
the D(5%) value of 13.1. There was no significant
difference in the ISI distribution between the neomycin
treated and control group during the full period of
mechanical stimulation.
The percentage distribution of ISI during the dynamic
phase (1-200 ms) of the first stimulus are shown in Fig.
29. The mean number of nervous impulses were 40 and 49
for the neomycin and control group respectively. During
the dynamic phase (1-200 ms) only a small overall shift
of ISI-percentiles of 1 to 2 ms to longer values was
observed in the neomycin treated units. The relative
amount of the shortest class of intervals of below 2 ms
was about 6 and 9% in the neomycin and control groups
respectively. The maximal percentage distribution was
17.8 at the ISI of 4 ms between the two groups which was
smaller than the D(5%) value of 30. There was no
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Fig. 29» The percentage distribution of interspike intervals (ISI)
during the dynamic phase (1-200 ms) of stimulus no. 1 at an interval
range of 1-25 ms. A, neomycin treated rats; B, control.
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line,
neomycin treated rats; thicker line, control rats. (Same samples
as in fig. 28).
the neomycin treated and control groups during the
dynamic phase.
The percentage distribution of ISI during the last Is of
the plateau phase (1000-2000 ms) of the first stimulus
are shown in Fig. 30. The mean number of nervous impulses
were 77 and 90 for the neomycin and treated groups
respectively. The 25-, 50-, 75- and 90-percentiles of the
ISI were all about 12 to 20% longer in neomycin units
than in controls with a shift of 1-2 ms. The maximal
percentage difference was 13.4 at the ISI of 12 ms
between the neomycin treated and control group which was
smaller than the D(5%) value of 21.1. There was no
significant difference in the ISI distribution between
the neomycin treated and control group during the last
1 s of the plateau phase.
The results of the analysis of the interspike interval
distribution during the dynamic phase, last 1 s of the
plateau phase and both dynamic and plateau phase showed
no specific shifts of interspike interval distribution at
any particular range of intervals after chronic neomycin
application. The analysis of the maximal percentage
difference in ISI distribution between the neomycin
treated and control group indicated no significant
differences in the ISI distribution after the chronic
application of neomycin. There was no major impairment
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Fig. 30. The percentage distribution of interspike intervals (ISI)
during the last 1 s of plateau phase (1000-2000 ms) of stimulus no.
1 at an interval range of 1-50 ms. A, neomycin treated rats; B,
control rats.
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line,
neomycin treated rats; thicker line, control rats. (Same samples
as in figs. 28 and 29).
6) HYPOTHYROIDISM:
a) General: growth
After weaning, twenty male rats were given methimazole
(0.5% wv) in their drinking water in order to induce
hypothyroidism. Fifteen litter mates served as controls.
One of the most obvious symptoms of hypothyroidism is
retardation of growth (Greenberg, Najjar Blizzard,
1974) which was already observable after one week of
methimazole treatment. At the time of weaning mean body
weights were 61.5+ 3,2 g for the methimazole group and
60.0_+ 2.4 for the controls. One week later the mean
weight of the methimazole rats was 69.0+ 1.7 g which was
significantly (p_ 0.001) below the control value of 93.3
+ 3.4 g. As shown in Fig. 31 growth rate of the
methimazole rats was reduced right from the beginning of
the treatment and became stagnant after 5 weeks. At this
time their, mean body weight was 189.3+ 3.3 g. The
further increase in mean body weight was very slow
reaching a mean value of 194.0+ 3.6 g ten weeks after
weaning and the mean body weight was only 208. 1 4.9 g
fifteen weeks after weaning. in contrast the control
animals showed a continued increase in the mean body
weights until fifteen weeks after weaning (497. 0+_
15.4 g) when the animals were used for
electrophysiological studies. From nine weeks after
weaning onwards, the mean body weights of the methimazole
treated rats were less than half of the control values.
WEEKS AFTER WEANING
Fig. 31. Growth curves of the rats during raethimzaole induced
hypothyroidism in comparison to age matched controls. Abscissa:
mean body weight in g; ordinate: age after weaning in weeks.
Significant differences from second week onwards.
None of the animals in the methimazole treated and
control groups died until the beginning of the
electrophysiological experiments. Both groups of animals
looked the same except for the smaller size and body
weight of the methimazole treated rats. The smaller in
size of methimazole treated rats clearly indicated the
effectiveness of anti-thyroid action of the drug
methimazole to induce hypothyroidism.
b) Displacement during mechanical stimulation:
In this experiment, mode B of the constant force
repetitive mechanical stimulation was used. A function
generator was used to provide a ramp signal of a rise
time (dynamic phase) of 200 ms and maintain at a constant
level (plateau phase) for 2000 ms. The interstimulus
interval was 0.5 s. That is each stimulus lasted for 2.2
seconds with a 200 ms of dynamic rising phase and 2000 ms
of plateau phase. In a run of stimulation, 30 repetitive
mechanical stimuli were given. An electronic force
feedback unit adjusted the displacement to maintain a
plateau force of either 10 mN or 20 mN during individual
stimul i.
i) With stimulation force of 20 mN:
The values for maximal indentation during each individual
stimulus, residual indentation during the interstimulus
ll
period and stroke amplitude were all substantially
smaller (P_ 0.001) in results from the hypothyroid rats
than in the controls (Fig. 32). The mean value from the
hypothyroid group for maximal indentation was 1.52+_
0.03 mm at the beginning of a sequence of thirty stimuli
and 1.73+_ 0.05 mm for the last stimulus. The
corresponding values for the control group were 1.72
+ 0.04 mm and 2.00+_ 0.05 mm. Maximal indentations
increased gradually at the same rate between individual
stimuli in sequences of stimulation to either group.
Throughout the whole train of thirty repetitive stimuli,
the mean values of maximal displacements needed in the
hypothyroid rats to produce a force of 20 mN were about
12 to 14% smaller than the corresponding control values.
Between stimuli a contact force of 0.5 mN was maintained
during the 0.5 s of interstimulus interval. Recovery of
the skin during this time was slow so that some residual
indentation was still present at the beginning of the
subsequent stimuli. Residual indentation just preceding
the first stimulus was taken as zero. There was
substantial residual indentation already just preceding
the second stimulus (0.38_+ 0.02, hypothyroid; 0.44+
0.02, control). From the second stimulus onwards residual
indentation became more pronounced at a gradually
decreasing rate with later stimuli in sequences of thirty
(Fig. 32). Residual indentation just before the 30th
CONSTANT FORCE STIMULI OF 20± 0.5 mN
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Fig. 32. Displacements to maintain the force of stimulation at 20 mN
(maximal indentation) and a contact force of 0.5 mN during
interstimulus intervals (residual indentation) measured just before
each stimulus plotted against ordinal number of stimulus for trains
of thirty repetitive stimuli in hypothyroid and control rats.
Comparison of corresponding values between both groups were all
statistically significant (p0.00l) except for the residual
indentation before stimulus number 1 (zero point).
stimulus was 0.72+ 0.02 mm for the hypothyroid group and
0.81+_ 0.02 mm for the controls. Thus the residual
indentation at contact force of 0.5 mN of the hypothyroid
rats was significantly (P 0.001) smaller than the
corresponding controls from the second stimulus onwards.
The difference between residual indentations of the two
groups was more pronounced at the end portion of the
thirty stimuli than at the beginning.
Stroke amplitudes were about 15% smaller in hypothyroid
population than in controls throughout all thirty
stimuli (Fig. 33). The difference was highly significant
(P_ 0.001). In both populations, there were steep drops
between the first and second, second and third stimuli.
The stroke amplitude for the first, second and third
stimuli in the hypothyroid rats were 1.51+ 0.04 mm, 1.18
+_ 0.02 mm and 1.14+_ 0.04 mm. The rates of change were
»
small between the remaining 27 stimuli. The stroke
amplitudes of the last stimulus was 1.00+ 0.02 mm in the
hypothyroid rats and 1.18_+ 0.04 mm in the controls.
ii) With stimulation force of 10 mN:
The values for maximal indentations during individual
stimuli and stroke amplitudes were all substantially
smaller (P_ 0.001) in results from the hypothyroid
population than in the controls (Fig. 34). The mean
STROKE AMPLITUDE FOR 20 1 0.5 mN STIMULI
o CONTROL (6 RATS, 16 UNITS, 42 RUNS)
o HYPOTHYROID (7 RATS, 22 UNITS. 72 RUNS)
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Fig. 33. Stroke amplitudes needed during constant force stimulation
of 20 mN plotted against ordinal number of stimulus in hypothyroid
and control rats. Comparison of corresponding values between both
groups were all statistically significant (p0.00l).
values from the hypothyroid group for maximal
indentations were 1.24+_ 0.04 mm at the beginning of the
sequence of thirty stimuli and 1.44+ 0.04 mm for the
last stimulus. The corresponding values for the control
group were 1. 80+ 0. 02 mm and 2.03+_ 0.02 mm. Maximal
indentation increased gradually at the same rate between
individual stimuli in sequences of stimulation to either
group. Throughout the whole train of thirty repetitive
stimuli, the displacements needed to produce a force of
10 mN were about 30% smaller in hypothyroid rats than the
corresponding control values.
There was no significant difference in the residual
indentations between the hypothyroid and the control
groups. The mean values between the two groups were quite
close to each other. (Fig. 34). The values of residual
indentation were 0.41_+ 0.03 mm for the controls just
preceding the second stimulus. Residual indentation just
before the 30th stimulus was 0.62+ 0.02 mm for the
hypothyroid group and 0.04+ 0.02 mm for the controls.
Stroke amplitudes employed for a force of stimulation of
10 mN were about 40% smaller in hypothyroid rats than in
the controls throughout all thirty stimuli (Fig. 35). The
difference was also highly significant (P 0.001). The
values of stroke amplitude during the first stimulus was
1.22_+ 0.04 mm for the hypothyroid rats and 1.79+_
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MAXIMAL INDENTATION
RESIDUAL INDENTATION
1 5 10 15 20 25 30
NUMBER OF STIMULUS
Figo 34. Displacements to maintain the force of stimulation at 10 mN
(maximal indentation) and a contact force of 0.5 mN during
interstimulus intervals (residual indentation) measured just before
each stimulus plotted against ordinal number of stimulus for trains
of thirty repetitive stimuli in hypothyroid rats and control rats.
Comparison of corresponding values between both groups were
statistically significant (p£0.00l) for all maximal indentations but
not for residual indentations.
STROKE AMPLITUDE FOR 10 mN STIMULI
o CONTROI (1 RAT. 1 UNIT. 6 RUNS)
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Fig. 35. Stroke amplitudes needed during start force stimulation of
10 mN plotted against ordinal number of stimulus for trains of
thirty repetitive stimuli for hypothyroid rats and control rats.













the first and second stimulus in both groups of animals
while for the remaining 29 stimuli stroke amplitudes
remained nearly constant. The stroke amplitudes for the
30th stimulus were 0.79+ 0.03 mm for the hypothyroid
rats and 1.40+ 0.01 mm for the controls.
c) Nervous Responses:
Consecutive absolute mean values of nervous responses
decreased over the whole sequence of stimuli of any force
in both the controls as well as the hypothyroid
population. In general, the drop in responsiveness was
most noticeable between the first and second stimulus.
i) With stimulation force of 20 mN:
The mean response to the first stimulus was 215 Hh 9
impulses for control units and 195_+ 5 impulses for s.a.I
receptors in hypothyroid rats. After the first five
stimuli mean responses had dropped by 50%, after ten
stimuli by 60%, after twenty stimuli by 80% and after
thirty stimuli by 85% of the values of the first
responses in both groups of animals. In response to a
sequence of thirty standard mechanical stimuli of 20 mN,
s.a.I receptors were significantly less responsive in
hypothyroid rats than in control animals. (Fig. 36)
except during stimulus number two and three. The level of







rnMSTANT FORCF STIMULI: 20 i 0.5 mN
o CONTROL (6 RATS, 16 UNITS, 42 RUNS)
o HYPOTHYROID (7 RATS. 22 UNITS, 72 RUNS)
1 5 10 15 20 25.. 30
NUMBER OF STIMULUS
Figo 36. Responsiveness of s.a.I receptors in mean number of nerve
impulses per stimulus to trains of constant force stimuli (20 mN)
plotted against ordinal number of stimulus for hypothyroid and
control rats. Mean number of impulses obtained in hypothyroid rats
were significantly smaller than the corresponding control values

















means from the two populations were P£ 0.001 during
stimulus number 1, 9 to 27 and 30, P 0.01 during
stimulus no. 6, 8, 28 and 29, and P£ 0.05 during
stimulus number 4, 5 and 7. Thus, twenty eight out of the
thirty responses were significantly lower in the
hypothyroid rats. The reduction in responsiveness of
s.a.I receptors in hypothyroid rats was in the range of
10 to 25% below the respective control values throughout
the entire train of stimulation.
The percentage distribution of interspike intervals (ISI)
during the full period of stimulus no. 1 are shown in
Fig. 37. The spikes were obtained from the first constant
force stimulus of 20 mN lasting for 2.2 s during each
run. The same sample size for the analysis is the same as
in the section above, i.e., 77 and 58 runs from the
hypothyroids and controls respectively. The mean number
of nervous impulses were 207 in the hypothyroid and 231
in the controls. All percentiles were shifted by about
13-20% to longer intervals during hypothyroidism in
contrast to the controls. The relative contribution by
the shortest intervals of about 1 ms were 14 and 19%
respectively. No specific shift of ISI at any particular
range of intervals was observed. The maximal percentage
difference in ISI distribution between the hypothyroid
and control group was 9.1 at the ISI of 10 ms which was
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Fig. 37o The percentage distribution of interspike intervals (ISI)
during the full period (1-2200 ras) of stimulus no. 1 of 20 mN at an
interval range of 1-50 ms. A, hypothyroid rats (72 runs); B,
control rats (42 runs).
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line,
hypothyroid rats; thicker line, control rats.
significant difference in ISI distribution between the
hypothyroid and control group during the full period of
mechanical stimulation (p 0.05).
The percentage distribution of ISI during the dynamic
phase (1-300 ms) of the first stimulus are shown in
Fig. 38. The mean number of nervous impulses were 45 and
51 for the hypothyroid and control rats respectively.
During the dynamic phase, there was only an overall
shift of ISI percentiles of 1-2 ms to longer values in
hypothyroid units. The relative amount of the shortest
class of intervals of below 2 ms was about 2 and 4% for
the hypothyroid and control groups. The maximal
percentage difference in ISI distribution between the
hypothyroid and control group was 15.6 at the ISI of 4 ms
which was smaller than the D(5%) value of 27.8. There
was no significant differences between the two groups
during the dynamic phase( p 0.05).
The percentage distribution of ISI during the last 1 s of
the plateau phase (1200-2000 ms) of the first stimulus
are shown in Fig. 39. The mean number of nervous impulses
were 71 and 80 for the hypothyroid and control group. The
25-, 50-, 75-, 90-percentiles of the ISI intervals were
up to 3 ms or 15% longer in the hypothyroid units than in
controls. The maximal percentage difference in ISI
distribution between the two groups was 7.6 at the ISI
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Fig„ 38. The percentage distribution of interspike interval (ISI)
during the dynamic phase (1-300 ms) of stimulus no. 1 of 20 mN at an
interval range of 1-25 ms. A, hypothyroid rats; B, control rats.
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line,







There was no significant difference between the
hypothyroid and treated group during the last 1 s of the
plateau phase.
The results of the analysis of the interspike intervals
during the dynamic phase (1-300 ms), last Is of the
plateau phase (1200-2200 ms) and both dynamic and plateau
phase (1-2200 ms) of the mechanical stimulation showed no
specific shift of the ISI distribution at any particular
range of intervals during hypothyroidism. The analysis
of the maximal percentage difference between the two
groups indicated no significant difference in the ISI
distribution during hypothyroidism.
ii) With stimulation force of 10 mN:
In response to thirty standard stimuli of 10 mN, s.a.I
receptors were mostly less responsive in hypothyroid rats
than in control animals. Differences in response between
groups increased with increasing stimulus number
(Fig.40). The mean response to the first stimulus was 151
+ 11 impulses for control units and 153+ 8 impulses for
s.a.I receptors in hypothyroid animals (p 0.05). In
both groups of animals, after the first five stimuli mean
responses had dropped by 47%, after ten stimuli by 62%,
after twenty stimuli by 77% and after thirty stimuli by
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Fig. 39. The percentage distribution of interspike interval (ISI)
during the last 1 s of the plateau phase (1200-2200) of stimulus
no. 1 of 20 mN at an interval range of 1-50 ms. A, hypothyroid rats;
B, control rats.
C, The cumulative percentage distribution of ISI of both groups
showing percentiles at each interspike interval. Thinner line,















CONSTANT FORCE STIMULI: 10 mN
o CONTROL (1 RAT, 1 UNIT. 6 RUNS)
o HYPOTHYROID (3 RATS. 4 UNITS. 13 RUNS)
1 5 10 15 20 25 30
NUMBER OF STIMULUS
Fig. 40. Responsiveness of s.a.I receptors in mean number of nerve
impulses per stimulus to trains of constant force stimuli (10 mN)
plotted against ordinal number of stimulus for hypothyroid and
control rats. The mean number of impulses in hypothyroid rats were
significantly lower than the control values for most stimuli from
stimulus 9 onwards:
significant difference in the mean nervous responses
during the first eight stimuli. As a general trend, all
the mean values of nervous responses in the hypothyroid
rats were lower than the corresponding control values
except for the first stimulus though not statistically
significant. From stimulus nine to thirty, most of the
mean values of nervous responses for the hypothyroid rats
were about 20 to 30% smaller than those of the




The biological transformation of stimulation into
perception begins, not at the receptor membrane, but at
the locus of impingement of a stimulus on the organism.
In the case of touch, this locus is the skin surface. The
mechanical stimulus must pass through the epidermis tc
the epidermo-dermal border before it actually reaches the
transducer. The responsiveness of cutaneous
mechanoreceptors (e.g. s.a.I receptors) is therefore
likely to be affected by the viscoelastic properties of
both the skin above the receptor and underlying tissues
(Lindblom, 1965; Hamann, 1980; Pubols, 1982a), as well as
the condition of the transducer itself and the capacity
for nerve conduction in the afferent nerve fibre.
Studies on the mechanical properties of skin and on
cutaneous mechanoreceptors appear for the most part, to
have progressed independently. Mammalian skin, when
subjected to stresses and strains, exhibits a number of
properties of viscoelastic materials (Gibson and Kenedi,
1970) including the following: 1) stress relaxation
when skin is deformed, reactive force or tension first
peaks and then declines steadily over time; 2) creep
when skin is subjected to a constant stress, the
resulting strain continues to increase asymptotically; 3)
creep recovery- when a constant stress is removed, the
skin requires a period of time to return to its original
position; 4) the relationship between stress and strain
is reported to be nonlinear, strain being a negatively
accelerating function of stress (e.g. tension); 5)
finally, all these relationships are dependent, in part,
on the recent history of stresses and strains imposed on
the tissue. Most studies revealing these phenomena have
employed uniaxial stretching of excised skin, although
occassionally in vivo studies have revealed similar
results. The viscoelasticity of skin has been attributed
largely to movement of interstitial fluids within the
dermis as well as the reorientation of collagen fibres
(Gibson Kenedi, 1970; Wilkes, Brown and Wildnauer,
1973).
The aim of this study was to investigate the
responsiveness of s.a.I receptors under physiological and
pathological conditions. Constant displacement mode has
been used in the past 20 years for mechanical stimulation
of the cutaneous mechanoreceptors. Not until 1982
reports on the responsiveness of s.a.I receptors
employing repetitive constant force stimuli (Pubols,
1982a) were reported. This might be due to technical
difficulties to reduce resonance oscillation of the
controlled force stimulation system during the process of
stimulation. In addition there was no evidence to say
whether force or displacement (stress or strain) was the
critical variable for receptor activation. There was no
particular need to employ constant force stimuli to
investigate the stimulus-response properties of the s.a.I
receptors. The adaptation rate might be less with
constant force stimuli than with constant displacement
stimuli. Such findings could not imply that the relevant
stimulus parameter was force. Pubols (1982a) argued that
the superiority of constant force stimuli was due to the
increasing deformation of the skin over time. The
technical problem has been overcome successfully in the
present study by an electronic feedback unit which could
reduce resonance oscillation at the stimulator to a
minimum level during the stimulation.
Due to the creep recovery phenomenon, after each
mechanical stimulus a dimple will be formed at the site
of mechanical stimulation when repetitive stimulation is
employed. Since the stimulating probe returns to -the
same starting position after each stimulus, there must be
a gap between the tip of the probe and the skin surface
when constant displacement repetitive stimulation is
employed. The actual deformation of the skin (i.e. the
difference between the maximal displacement and the gap
distance) in subsequent stimuli will be reduced because
the dimple becomes deeper. The resulting force is also
reduced in comparison with the preceding stimulus. With
decreases of both actual deformations and resulting
forces during the repetitive constant displacement
stimulation f it is difficult to interpret the results
of the decline in responsiveness of the s.a.I receptors
throughout the train of mechanical stimuli. Reduced
responsiveness may be due to changes in the receptor
itself andor reduction in resulting force or shortening
of the contact time.
In the present experiment with constant force mode of
mechanical stimulation a contact force of 0.5 mN was
maintained during the interstimulus interval. With the
dimple formed, the maximal and residual indentation
increased with subsequent stimuli. Since the increase in
residual indentation is greater than the maximal
indentation, the stroke amplitudes decrease throughout
the train of stimuli. That is when constant force is
used, the resulting force acting on the skin overlying
the s.a.I receptors is constant with a decrease in
stroke amplitude. With repetitive constant force
stimulation it was possible to overcome problem of dimple
formation.
1) CONSTANT FORCE VERSUS CONSTANT DISPLACEMENT
STIMULATION:
In this preliminary series of experiments the
effectiveness of repetitive constant force stimuli was
compared with repetitive constant displacement stimuli of
the same resulting force. Employing repetitive constant
force stimuli of 20 mN with a contact force of 0.5 mN
between stimuli, a small dimple developed under the
probe. The depth of this dimple was measured and
referred to as residual indentation. This is an
expression of creep recovery that after a constant stress
has been removed, the skin requires a period of time to
return to its original position (Gibson Kenedi, 1970).
Pubols (1982b) reported that when repeated controlled-
force stimuli were applied to either racoon or cat
glabrous skin, the skin did not return to its original
(prestimulation) resting level before the onset of the
next trial when either the stimulus duration was long or
the interstimulus interval short. In the present
experiments, employing repetitive mechanical stimulation,
a small contact force of 0.5 mN was maintained during the
interstimulus interval of 0.7 s in order to monitor the
change of residual indentations. The exact time course of
recovery was dependent on the recent history of
stimulation of the region of skin in question (Pubols,
1982a). Petit and Galifret (1978) stated that after the
hairy skin of rats was indented by 1 mm for 8 s, several
minutes (3 to 4) were required for the skin to regain its
resting position and in the present study, the time
interval between two runs was not less than 6 minutes
allowing full recovery. There were no significant
differences in mechanical parameters and responsiveness
of the s.a.I receptors between the first and subsequent
runs with the same controlled force or controlled
displacement.
In the present study, durina the constant force
repetitive mechanical stimulation, the maximal
indentation increased in a similar pattern as the
residual indentation„ Due to the slow recovery of the
skin after the retraction of the stimulating probe durinc
the interstimulus intervals, increasing maxima]
indentations were needed to maintain the 20 mN force oi
stimulation„ These results confirm Pubols' (1982b]
observation that the increment in displacement (maxima]
indentation) declined from trial to trial, the greatest
change occurring during the first few trials.
The stroke amplitude was defined as the difference
between the maximal indentation and residual indentation
just preceding that particular stimulus. It had its
maximum value during the first stimulus and then
%
decreased over the following stimuli. The slow recovery
of skin following retraction of the probe implies that if
repeated stimuli are presented frequently or for a long
duration, the increment in displacement (stroke
amplitude) will decline from trial to trial (Pubols,
1982b).
During the constant displacement repetitive stimulation,
a dimple was also formed after the retraction of each
stimulus due to the same creep recovery phenomenon
mentioned above. However, during constant displacement
stimulation no contact force could be maintained
throughout the train of mechanical stimuli. During the
interstimulus intervals the probe was pulled back to the
original starting position leaving always a gap between
the tip of the stimulating probe and the skin surface.
Thus, the residual indentation could not be measured.
In view of the creep recovery of the skin after
mechanical stimulation and the difficulties to make a
zero contact force just preceding a stimulus, Westling,
Johansson and Vallbo (1976) suggested a device to measure
the effective indentation during constant displacement
stimulation. They measured the displacement during the
ramp of the stimulus when the stimulating probe just
touched the skin and gave electrical contact between
probe and skin. Such displacement value is equivalent to
the residual indentation defined in the present study.
The effective indentation was defined as the indentation•
value between the maximal indentation and the
displacement value at the time of skin contact. In the
present study the increase in residual indentation was
more pronounced than in maximal indentation during
constant force stimulation. This resulted in a decrease
in stroke amplitudes from the first to the last stimulus«»
in a train of repetitive stimuli. If stimulation
employing constant effective displacement (stroke
amplitude) could be used with the same time pattern
chosen for this study, an increase in resulting
stimulation force and thus higher responsiveness could be
expected.
Most of the reports concerning the responsiveness of
cutaneous mechanoreceptors were based on experiments
using constant maximal displacement stimulation (Pubols,
1982a). A progressive diminuition in responsiveness
during the course of closely spaced repeated stimuli was
partly attributed to a failure of complete skin recovery
between trials. The effect of repetition rate on
suprathreshold discharge of slowly adapting (s.a.)
receptors in both hairy and glabrous skin of monkeys has
been examined by Mountcastle and co-workers
(Mountcastle, Talbot and Kornhuber, 1966; Werner and
Mountcastle, 1965, 1968). The results of these studies
indicate that the time course of skin recovery is longer
in glabrous skin than in hairy skin. It appears that the
viscoelastic properties of the skin determine the
recovery time after stimulation, i.e., the thickness of
the epidermis and the composition of ground substances in
the dermis (Harkness, 1971).
In a study of slowly adapting mechanoreceptors in
alligator skin, Kenton, Kruger and Woo (1971) found that
for repetitive stimuli of 900 ms duration interstimulus
intervals of 90 s were required for complete
reproducibility of nervous responses by s.a.I receptors.
However, for s.a.II receptors, reproducible responses
were obtained when stimuli were delivered at a rate up to
one every 3 s. The full recovery of discharge capability
of facial skin mechanoreceptors was found to be within 3
minutes. Shepherd, Howard and Barker (1980) suggested
that the decline in responsiveness over trials was more
severe in slowly adapting than rapidly adapting
receptors. In none of the above reports were the reactive
forces generated by the skin monitored continuously. In
the present study, each mechanical stimulus lasted for
2 s with an interstimulus interval of 0.7 s in order to
observe the adaptation of the s.a.I receptors with
repetitive stimulation. Using the electronic feedback
unit, the reactive force during the course of stimulation
was monitored continuously.
In the studies of rabbit Haarscheiben (Hamann, 1980) and
kitten glabrous skin mechanoreceptors (Beitel, Gibson,
Welker, 1977) reactive force and discharge rate declined
over a series of constant-displacement trials. In the
latter study, it was shown that the decline in both was
greater the shorter the interstimulus interval. A decline
in peak reactive force of cat Haarscheiben over repeated,
closely spaced stimuli has also been noted by Baumann
(1978). In the present study, a progressive reduction in
responsiveness of the s.a.I receptors during constant
displacement stimulation was observed which was
consistent with the findings of the above mentioned
studies.
A similar gradual decrease in responsiveness of s.a.I
receptors was also observed during repetitive stimulation
employing constant force stimuli. However, initial
decrease in responsiveness was significantly, less than
during constant displacement stimulation from stimulus
no. 4 to 20. Before 1982, there were no studies showing
a correlation between decline in discharge rate and net
displacement with repeated constant force stimuli. After
the initial studies of Adrian Zotterman (1926) who used
mechanical stimuli controlled with respect to force in
the study of cutaneous mechanoreceptors discharge, very
few studies appeared using the same mode of stimulation
(i.e., constant force). Werner and Mountcastle (1965)
converted 'long-term steady state' displacements to
equivalent forces and plotted discharge frequency as a
function of force. These plots exhibited a greater degree
of linearity than did plots of discharge against
displacement. Jaenig, Schmidt and Zimmermann (1968)
employed weights as constant force stimulation. Both of
the above reports used only a single stimulus and not
repetitive stimuli.
According to Pubols (1982a), there-were no experimental
findings using repetitive constant force stimulation.
That might be due to the technical difficulties to reduce
resonance oscillation of the controlled force stimulating
systems during the process of stimulation as mentioned at
the beginning of this chapter. Pubols (1982b) found that
conditions of repeated stimulation with gradual decrease
in effective stimulation produced progressive decline in
ramp discharges during the dynamic phase as well as
static discharge during the plateau phase. This decline
was less pronounced when constant force stimuli were
employed than when constant displacement stimuli. Thus,
the results of the present study are well in line with
the observations by Pubols (1982b). This author
concluded that this difference was due to the phenomenon
of creep during constant force stimulation as
demonstrated in the increasing maximal indentations
during the train of repetitive stimuli. The constant
force stimuli were more effective than constant
displacement stimuli as they were also in the present
study. It is interesting to speculate that constant
effective displacement (stroke amplitude) stimuli as
employed by Westling et al. (1976) might be as effective
as constant force stimuli. However this could not be
tested experimentally in the present study. During
constant force stimulation, the creep requires the
increase in maximal displacement during the course of
repetitive stimulation. It could well be argued that the
superiority was due to the increasing deformation of the
skin with increasing stimulus number using repetitive
constant force stimuli. In contrast to the decreasing
stroke amplitudes of the constant force stimuli, during
constant effective displacement stimulation the stroke
amplitudes would be constant. It could therefore be
expected that the resulting force of stimulation would
increase during the train of repetitive stimuli with
constant stroke amplitude. Responsiveness to this type of
stimulation might be as high as to constant force
stimul i.
Studies of non cutaneous mechanoreceptors including
generator potential adaptation in the crayfish stretch
receptor (Nakajima Onodera, 1969a,b) and in the
isolated frog muscle spindle (Husmark Ottoson, 1970;
1971) revealed that mechanoreceptor adaptation was less
pronounced under constant tension than under constant
lengthening. In fact, under some circumstances,
adaptation in the crayfish stretch receptor was almost
non existent over the first second of constant tension
stimulation. Stress relaxation was demonstrated with both
receptor types. Additionally, it was shown in the frog
muscle spindle that tension increased exponentially with
length and that spike-discharge frequency increased
linearly with lengthening but logarithmically with
tens ion.
Baumann (1978) investigated the viscoelastic properties
of the hairy skin type I slowly adapting mechanoreceptors
(s.a.I receptors) in cats and reported that, if constant
displacement stimuli were used 'the adaptation of the
receptor paralleled the decay of the reactive force',
with a strong implication that the relevant stimulus
dimension was force, and not displacement per se. Petit
and Galifret (1978) studied receptor responses in
relation to force and displacement in rat hairy skin and
human glabrous and hairy skin. They also pointed out that
force, rather than displacement appeared to be the
critical variable for cutaneous mechanoreceptors.
According to Pubols (Pubols and Pubols, 1976; Pubols,
1982a), adaptation was more rapid the greater the ramp
velocity (50-60 mgms or 0.5-0.6 mNms) and that this
interaction between ramp velocity and rate of adaptation
was significantly greater with controlled displacements
than with controlled force during the plateau phase. At
low ramp velocities (9-10 mgms or 0.09-0.1 mNms), the
rates of adaptation to constant force and constant
displacement stimuli were comparable. In the present
study, the ramp velocity was about 0.2 mNms (20 mgms).
During the first three and last eight of the 30
repetitive stimuli, the responsiveness of s.a.I receptors
was not significantly different between constant force
and constant displacement stimulation. For the rest of
the train of mechanical stimuli the responsiveness of the
s.a.I receptors was significantly higher when constant
force mode of stimulation was employed. The constant
force mode is more effective to stimulate the s.a.I
receptors during repetitive stimulation then constant
displacement mode.
2) RANGE OF GRADED RESPONSE WITH DIFFERENT CONSTANT
FORCES OF MECHANICAL STIMULATION:
The purpose of this preliminary series of experiments was
to determine which force range was most suitable for the
stimulation of s.a.I receptors under the experimental
conditions of the study (i.e., during vitamin A
deficiency, after chronic neomycin applications and
during hypothyroidism). In this study the experiments
were performed between and within individual animals.
Results in the experiments about vitamin A deficiency,
effect of neomycin, hypothyroidism and aging were all of
the between animal type. Variability between animals is
likely to be larger than in within animal experiments.
There appeared to be a normal range of responsiveness of
s.a.I receptors. In addition the individual response to
standard mechanical stimuli will depend how close -the
positioning of the stimulation probe comes to
perpendicular. In order to minimize variability, a near
maximal stimulus was chosen. With near maximal strength
of stimulation slightly off perpendicular position is
likely to introduce less variability than with a half
maximal stimulus. With supramaximal stimulus a reduction
in responsiveness could theoretically be missed.
In this context the term maximal stimulus is defined
given the specific.pattern of stimulation and at the age
of 3 months. This does not mean that the maximum
capacity for generating nervous impulses has been
reached. It is possible to produce a very high rate of
discharge just by brushing over the skin containing an
s.a.I receptor. Near maximal stimulation does therefore
not rule out the possibility of an increased response to
a standard stimulation with e.g., a decrease in
compliance of skin.
As mentioned in the previous chapter, occasional results
have been published employing constant force stimulation
on slowly adapting mechanoreceptors (Pubols, 1982a). The
anticipated changes were reduction in the responsiveness
of s.a.I receptors under the various experimental
conditions of the present study. It was therefore
advantageous to work on near maximal responses. A
stimulation force of 20 mN was found to be optimal for
the study. The gluteal skin was the site of
investigation, which is a soft area. The maximal
indentation needed to maintain a stimulating force of
20 mN was in the range of 1.5 to 2.5 mm. A force of
20 mN is in the maximal but not supramaximal range of
forces to give a high discharge rate from the s.a.I
receptors. The displacement range up to 2.5 mm was
considered to be physiological' for this area of skin
because of its softness. With higher force of
stimulation (eg. 30 mN) the larger displacements needed
were likely to cause microtraumata to the skin (eg. the
stimulating probe will plunge a hole into the surface
layers of the epidermis). A displacement transducer
which has a similar displacement range to that employed
for the mechanical stimulation was designed and attached
to the stimulator. The present results demonstrated that
within the range of force of stimulation of 5 to 30 mN
examined in this study, 20 to 25 mN seemed to be most
effective for the stimulation of s.a.I receptors
investigated to give near maximal responses and 20 mN was
selected as a standard plateau force for the bulk of the
experiments.
Except for the aging experiment, a reduction of
responsiveness was the expected result. Therefore a near
maximal force of stimulation was selected to obtain high
control response so that a significant reduction in
responsiveness of the receptors could be clearly
detected. As shown in fig. 8 9 the 20 mN force was in
the region approaching the plateau. Any slight variation
in the angle of the stimulation probe would affect the
number of impulses to a lesser extent as compared to the
stimulation force of 10 mN which was at the range of
force with a steeper slope.
Jaenig et al. (1968) employed a force range from 0.1 to
16 N for the constant force mechanical stimulation of the
slowly adapting units of the cat's central pad. Pubols
( 1982 a,b) used a force range of 5 to 150 mN for the
constant force mechanical stimulation of the glabrous and
hairy skin of racoons. All authors found an increasing
responsiveness of the slowly adapting receptors with
increasing force. After a comparison of the results from
Jaenig et al. (1968), Pubols (1982a) suggested that the
relevant stress variable may not be force but pressure.
There were large differences between the force ranges of
the 2 experiments. Since a 1 mm diameter probe with
spherical tip was used in Pubols' experiments and the
area of contact was calculated assuming a flat circular
surface of the probe, the calculated pressure range was 6
to 200 mNmm. In contrast, Jaenig et al. (1968) employed
a flat circular plate as the stimulating probe which they
estimated to have an effective area of 100 mm. Thus, the
pressure range was 1 to 160 mNmm.
In the present study, the probe had a spherical tip .with
1 mm diameter. For comparison with the results of Pubols
(1982a) the area of contact was also calculated assuming
a flat circular surface of the probe (area= it r where r
is the radius of the probe), the calculated pressure
range was 6 to 25 mNmm for a force range of 5 to 20 mN.
with a contact area of 0.79 mm. Pubols (1982a)
postulated that the same pressure of stimulation should
give the same number of nervous impulses. He attributed
the differences in the responses from the two experiments
to the lack of firm contact of the probe and skin in
Jaenig et al.'s study. He also suggested other
possibilities for the slight differences in the finding's:
receptor variability, sampling error, and differences in
ramp velocities.
Vierck (1979) demonstrated in slowly adapting receptors
of cat hairy skin that punctate stimuli applied to the
centre of a receptive field produced a greater discharge
rate than did stimuli through a flat circular disk
covering the entire receptive field. This was consistent
with the findings of Pubols (1982b). In the present
study a stimulation probe with spherical tip of 1 mm in
diameter was used, and stimuli were applied to the centre
of the touch dome in order to obtain the highest
discharge rate from the s.a.I receptor.
Different ranges of force or pressure were used in the
present study and in experiments by others to stimulate
the slowly adapting cutaneous mechanoreceptors. This
could be explained by the different species of animals 4.
used and types of skin investigated. Both Jaenig et al.
(1968) and Pubols (1982 a,b) studied glabrous skin which
has a smaller compliance as compared to the hairy skin of
rats. Pubols (1982a) demonstrated that a given applied
force produced a greater displacement in hairy skin than
in glabrous skin of racoon. The force transmission
«
properties of glabrous skin were different from hairy
skin. The s.a.I receptors in the hairy skin of the
gluteal region of rats were investigated in the present
study. This area was quite soft so that similar force or
pressure of stimulation required a higher displacement
than in other areas or types of skin (i.e. a higher
compliance). As mentioned in the methods, Petit and
Galifret (1978) have found that the gluteal areas was the
softest part of the skin in rats.
In conclusion, the responsiveness of s.a.I receptors
increased with the stimulation force above 5 mN and
reached the plateau value at the force of 20 mN. Since a
reduction in responsiveness was expected during various
experimental conditions, a stimulation force of 20 mN was
suitable to fulfil such requirement to give a high
discharge rate from the s.a.I receptors.
3) COMPARISONS OF YOUNG AND ADULT RATS:
The aim of this part of the study was to examine the
influence of physiologically occurring age related
changes in skin on the responsiveness of the s.a.I
receptors. The inter-relationship between force and
displacement during innocuous mechanical stimulation of
the skin has been investigated extensively (Lindblom,
1965; Jaenig et al., 1968; Kruger and Kenton, 1973;
Knibestoel, 1975; Petit and Galifret, 1978; Pubols, 1982
a,b). The present results indicate that the s.a.I
receptors maintained high responsiveness up to an age of
about 10 months, and at the same time there was
significant reduction in the compliance of the skin. The
analysis of interspike interval distribution of the
first stimulus indicated that there were significant
differences during the last 1 s of the plateau phase and
no significant changes during the dynamic phase. As
mentioned above Merkel cells are located at the epidermo-
dermal border. Alterations in any of the surrounding
cutaneous and subcutaneous components (eg. thickness of
the epidermal layer, water, collagen fibres, elastic
fibres, blood vessels) can affect the force actually
reaching the receptors. Experimentally it is not
possible to measure the actual force that reaches the
transducer of the s.a.I receptor. The force referred to
in the present study is the reactive force measured with
the force transducer attached to the stimulating probe on
the surface of the skin perpendicular to the touch domes.
From the present results, the maximal indentation to
maintain the stimulation force of 20 mN increased in both
age groups by about 15% from the first to the last
stimulus. The residual indentation and stroke amplitude
showed similar relative changes throughout the train of
thirty stimuli without significant differences between
groups. The displacement values obtained in the adult
rats were consistently reduced to 62_+ 3% of the
respective values obtained in the young rats. These
results indicate a proportional decrease in skin
compliance with age in the force range from 0.5 to 20 mN.
In contrast, conditions other than aging that alter the
viscoelastic properties of the skin may not affect all
displacement parameters to the same extent. For example
during vitamin A deficiency, which will be discussed in
the next section, the compliance of the skin was larger
than in the (adult) control rats. The residual
indentations at 0.5 mN contact force obtained in the
vitamin A deficient (adult) rats were very close to the
values obtained in the young rats in this study. But with
the stimulation force of 20 mN the increase in compliance
was less pronounced, and the maximal displacements were
only about 40% above the control values and thus
significantly below the corresponding values obtained in
the young rats.
The median life span of Sprague-Dawley rats is about 24
months (Curcio, McNelly and Hinds, 1984). The group of
adult rats in this study had an age of 9-11 months and
can thus not be regarded as senile. The observed changes
in skin compliance in early adulthood were well in line
with those reported in the literature. Wright (1971)
found that there was an increasing stiffness of the human
skin after 40 years of age. Agache, Monneur, Leveque and
De Rizal (1980) observed an abrupt drop in elasticity and
stretchability in the fourth decade of life, associated
with an increase in the visco-elastic components, i.e.,
the inter-chain links and amount of collagen. The reduced
stretchability of aged skin has been attributed to an
extensive elastogenesis with a large amount of
microfibrils in the papillary dermis (Lavker, 1979). The
tensile strength of the rat skin per unit area, of
collagen in cross-section appeared to increase with age,
the maximal value in the oldest group being about three
times that in the youngest (Fry, Harkness and Harkness,.
1964). This could be attributed to increased cross-links.
The above findings on aging could be used to explain the.
decrease in compliance of skin in the adult rats as
compared to the young rats in the present study.
In the present study, the profound differences in
mechanical properties of the skin between young and adult
rats were not matched by differences in nervous
responsiveness of s.a.I receptors. This finding is a gdod
complement to morphological studies in man showing only
negligible changes in cutaneous nerves as well as
appearance and number of Merkel discs (Sinclair, 1973).
No changes with age were observed in the density and
morphology of peripheral free nerve endings at the dermal
level (Cauna, 1965; Hunter, Ridley and Malleson, 1969).
Montagna and Carlisle (1979) found that cutaneous nerves
were little affected by age. However, Cobrin and Gardner
(1937) found a decrease in the number of myelinated
fibres in the spinal roots with age, and Cottrel (1940)
reported a decrease in the number of myelinated fibres in
peripheral nerve trunks, especially during the decade of
the 40s and 50s in man. Weddell (1963) found that with
increasing age the number of axons in the human radial
nerve at the wrist increased, though their diameter
decreased. In the present study there were changes in
the force transmission properties of the skin during
aging expressing themselves in a decrease in compliance
of the skin.
It cannot be excluded that an age related change in
sensitivity of the s.a.I receptors is balanced by the
change in the mechanical or force transmission properties
of the surrounding of the receptors. Therefore no changes
in responsiveness of s.a.I receptors with constant force
mechanical stimulation apart from significant increases
in responsiveness from stimulus no. 9 to 13 and 15 to 16
were found during aging and significantly reduced
compliance of the skin. From the results of the present
study the skin of the adult rats seemed to be harder,
having a reduced compliance as compared to the young
rats. A different picture may have emerged if a hard
plate had been placed almost directly underneath the
receptors: an increase in responsiveness would be the
result (Iggo, unpublished). However, this would have
been an extreme case. With the present technique it
cannot be said where the hardening of the skin takes
place. The changes may be in the epidermal or the deeper
subcutaneous layers or both. Such alterations are. not
necessarily comparable to the situation of a hard plate
placed underneath the s.a.I receptors.
In the present study the stimulation force of 20 mN was
near maximal for the receptors. In the previous chapter
the term maximal stimulus was defined given the
specific pattern of stimulation and at the age of three
months. If the receptor itself was affected during aging,
even though the underlying tissue became harder the
increase in responsiveness due to the changes in
mechanical properties of the skin might be
counterbalanced by the decrease in discharge from the
impaired s.a.I receptors. Therefore no consistent
significant differences during the train of repetitive
mechanical stimuli would be detectable.
The present results of maintained high responsiveness of
s.a.I receptors during aging are well in line with
observations by Verillo (1979), who reported unchanged
sensitivity to low frequency stimulation in elderly as
compared with young human subjects in contrast to a
marked decrease in sensitivity in the high frequency
range thought to be perceived through Pacinian corpuscles
(Burgess and Perl, 1973). But Verillo's report did not
comment on the change in compliance of the skin during
aging c
According to the duplex model of mechanoreception
proposed by Verillo (1963, 1966, 1968), there was no
spatial summation of responses for the non-Pacinian
mechanoreceptors, e.g., Merkel disks and Meissner
corpuscles. A reduction in number of Merkel endings would
therefore not be reflected in higher sensory thresholds
(Verillo, 1979).
Cauna (1965) has studied the changes in morphology and
number of Meissner corpuscles and in the number of Merkel
disks that occurred with age. In addition, all the
surviving hair follicles were still equipped with
apparently intact sensory end organs. In the present
study age appeared to have little effect on the Merkel
disks if only the force of stimulation and nervous
responses were considered. From the change in the
compliance of the skin during aging, both the alteration
of the receptor itself and the surrounding tissue had
their contribution to the maintenance of responsiveness.
The result of the present study showed only minor
differences in responsiveness of s.a.I receptors between
young and adult animals. Only the responses to stimuli
no. 9 to 13 and no. 15 to 16 were significantly (p_
0.05) lower in the young than in the adult rats. Thus,
it may be concluded that the design of touch corpuscles
secures continued high responsiveness to force related
stimuli. With increase in age there were significant
increases in responsiveness of the s.a.I receptors only
during some of the stimuli. There is a possibility that
the design of the s.a.I receptors is such that it can
encode the same mechanical stimuli on the surface of- the
skin with the same discharge rate at different ages.
Since the stimulation force of 20 mN was near maximal for
mechanical stimulation of the s.a.I receptors, a lower
force of stimulation (eg. 10 mN) might give a more
distinct difference in the responsiveness of s.a.I
receptors between the young and adult rats.
The distribution of interspike intervals showed a shift
of 2 ms of the 25-percentile to shorter intervals during
the full period of the first stimulus (1-2000 ms) in the
adult as compared to these young rats but very similar
interspike interval histograms during dynamic phase (1-
200 ms). There were significant differences in the
distribution of interspike intervals between the young
and adult rats during the last 1 s of the plateau phase
and the full period of mechanical stimulation. No
significant changes were observed during the dynamic
phase. This indicated no impairment of the spike
generation properties of the s.a.I receptors during aging
to produce short spike intervals. The incidence of short
spike intervals was higher in adult than in young rats.
Thus, there must be a relative decrease in number of
spikes with longer intervals.
4) VITAMIN A DEFICIENCY:
The present results obtained with repetitive constant
force stimulation confirmed earlier findings of
experiments employing repetitive constant displacement
stimulation (Hamann and Lee, 1982) that the
responsiveness of s.a.I receptors in rats is reduced
during vitamin A deficiency. The mean values for the
first response in trains of thirty stimuli were 206
impulses for the control population and 155 impulses for
the vitamin A deficient group. Mean values of nervous
impulses in response to individual stimuli decreased
gradually from first to the 30th stimulus in both the
controls as well as the vitamin A deficiency group.
After the first five stimuli, mean responses had dropped
by 30%, after twenty stimuli by 60% and after thirty
stimuli by 75% of the first responses.
There were significant differences in the distribution of
interspike intervals between the vitamin A deficient and
control rats during the last 1 s and during the full•
period of mechanical stimulation. No significant
difference in the distribution of interspike intervals
was observed during the dynamic phase of mechanical
stimulation. The results of the analysis of the
interspike interval distribution indicated there might be
an impairment of the spike generating process of the
receptors during the later stage of adaptation. The
generation of short interval spikes during the dynamic
phase was not affected. The changes in responsiveness
were accompanied by increased displacements needed to
maintain a constant force stimulation.
Ultrastructurally, vitamin A deficiency caused
degenerative changes in the Merkel cells as well as
adjacent nerve terminals. The most noticeable features
were the enlarged and vacuolized mitochondria (Cheng-
Chew, Hamann and Leung, 1985a; Baumann, Cheng-Chew,
Hamann and Leung, 1986a).
As pointed out above, the responsiveness of a
mechanoreceptor is not only affected by the condition of
the transducer itself but also by the mechanical
properties of the tissue surrounding the receptor
(Lindblom, 1965; Hamann, 1980; Pubols, 1982a,b). The
force transmission properties of the skin were clearly
affected during vitamin A deficiency. Beginning with the
first stimulus and for all subsequent stimuli in trains
of thirty, a proportionally greater displacement was
needed in vitamin A deficient animals to produce the same
force of 20 mN than in control rats. Apparently vitamin
A deficiency had a softening effect on the skin when
tested with perpendicular stimulation. A number of
factors could be responsible for this phenomenon. The
water content of the tissue may be changed or the
production of keratin inhibited. Fuchs and Green (1981)
reported that the production of mRNA for keratin depends
on the presence of sufficient amounts of retinoic acid.
Conversely cornification in cultured keratinocytes can be
inhibited by adding retinoic acid (Yaar, Stanley and
Katz, 1981). In chondrocytes the accumulation of
fibronectin is enhanced in the presence of retinoic acid
(Hassel, Pennypacker, Kleinman, Pratt and Yamada, 1979).
Fibronectin is a cellular surface protein promoting
cohesion between cells.
Changes in the pattern of keratinization and cohesion
between cells are likely to affect the mechanical
properties of a tissue. As early as 1925, Wolbach and
Howe reported that atrophy and reparational proliferation
of basal cells formed a stratified keratinizing
epithelium. Microscopic hyperkeratosis of hair follicles
and epidermis, absence of sebaceous glands and edema and
homogeneous appearance of the elastic tissue were found
in some Chinese soldiers who had not eaten meat, egg or
green vegetables for a long period (Frazier and Hu, 1931;
Sweet and Kang, 1935). Wolbach (1951) observed atrophy of
the epidermis and appendages due to vitamin A deficiency
in mammals with atrophy of the hair bulbs and of internal
sheath cells in newly formed hair follicles.
Although being very pronounced, the changes in the
mechanical properties of the skin may be a parallel
phenomenon rather than the cause of the altered
responsiveness of s.a.I receptors. As mentioned in the
chapters on age related changes, there were large
differences in the compliance of the skin without
consistent effect on the responsiveness of s.a.I
receptors. Employing trains of constant force stimuli,
there were only occassional small differences in the
nervous responses for corresponding pairs of stimuli
between populations of young and adult rats although
substantially (60-70%) higher displacements were needed
in younger rats to produce the same force. The age
related change in skin compliance was of the same degree
at contact force of 0.5 mN and at a stimulation force of
20 mN. In contrast the increase in displacements during
vitamin A deficiency was more pronounced in the low force
range than at 20 mN indicating a non-linear increase in
compliance of the skin and underlying tissues.
Comparing the results of the young rats (i.e. the
controls of the neomycin experiment) with those of the
vitamin A deficient rats, there were significantly higher
stroke amplitudes in the young rats throughout the 30
repetitive stimuli. The responsiveness of s.a.I
receptors in the vitamin A deficient rats was
significantly lower than in the young rats except from
stimulus noo 6 to 12. As compared to the two groups of
control animals, reduction in responsiveness in the
vitamin A deficient rats was observed with decrease or
increase in stroke amplitudes. The changes in compliance
of the skin did not appear to be the major parameter
determining the changes in responsiveness of s.a.I
receptors. The present results provide further evidence
against an exclusively mechanistic explanation for the
reduced responsiveness of s.a.I receptors during vitamin
A deficiency. The same nervous response could be produced
by different stimuli in receptors of the controls and
vitamin A deficient rats. For example, to the third
stimulus during repetitive stimulation, receptors in
vitamin A deficient rats responded with 120 nervous
impulses, which is the same as the response to the 10th
stimulus in the control animals. Maximal displacements
during stimulus no. 10 were 1.65 mm for the control
population and 1.92 mm for the vitamin A deficient group
during stimulus no. 3. Thus, in spite of identical
responses, different stimulus parameters were needed.
The ultrastructural findings provide good indication for
a direct effect of vitamin A deficiency on the sensory
receptors (Cheng-Chew et al.,1985a; Baumann et al.,
1986a). Most prominent were swollen mitochondria in
Merkel cells and in adjoining nerve terminals. The.
internal membrane structures were broken up in many of
the affected mitochondria. Enlarged and distorted
mitochondria have also been observed by Leo and Lieber
(1983) in hepatocytes of vitamin A deficient rats. The
changes in the mitochondria might indicate the reduction
of the amount of energy-rich phosphates produced. A
reduced succinic dehydrogenase activity in the oral
mucosa of vitamin A deficient rats has been reported by
Baume, Franquin and Koerner in 1970. Conversely in the
epidermis an increased activity of glucose-6-phosphate
dehydrogenase can be observed after application of
vitamin A (Jarrett, 1975). The disturbance of the
production of energy-rich phosphates could affect the
cellular activities of the Merkel cells including the
responsiveness.
Responsiveness in s.a.I receptors is known to be affected
almost immediately by lack of oxygen (Anand et al.,1979,
Cooksey et al., 1984b) in the presence of Co++ or
verapamil (Calcium antagonist) (Cooksey et al.f 1984a,
Iggo and Findlater, 1984). The nerve fibre was still
conducting under the hypoxic condition. These findings
were in line with the assumption of a chemical synapse
between the Merkel cell and the adjacent membrane. The
effects of vitamin A deficiency on the mitochondria in
the Merkel cells (Cheng-Chew et al., 1985a) and cellular
enzymes in the liver cells (Baume et al., 1970) would
indicated the cellular metabolic processes of the Merkel
cells and nerve terminals during vitamin A deficiency
were affected. These might also partly account for the
reduced responsiveness of s.a.I receptors during vitamin
A deficiency in the present study by affecting the
mechano-electric tranduction process or the membrane
properties.
Impairment of nervous conduction was probably not the
cause for the reduced responsiveness of s.a.I receptors
in the vitamin A deficient animals in the present study.
Ceriani et al. (1973) investigated the effects of various
degrees of vitamin A deficiency in rats. The vitamin A
deficiency in the present experiments was of moderate
severity according to their classification. Conduction
velocity and refractory period of fast conducting
myelinated nerve fibres were not affected by vitamin A
deficiency of moderate degrees in their results. Howell
and Thompson (1970) showed an early nerve fibre
degeneration only in some of the quails studied with a
mild degree of changes.
In the present study, there were significant differences
in the body weight between the vitamin deficient and
pair-fed control animals after 9 weeks of age. Many of
the vitamin A deficient rats developed muscular weakness
at the age of 10 to 17 weeks. The vitamin A deficient
animals did not show any effort to stand up, nor did they•
try to move away from the weighing pan while their body
weight was checked. Aberle (1934) reported disabling
paralysis in rats suffering from chronic deficiency of
vitamin A. Wolbach stated in his review in 1954 that no
proof for the degeneration of the nervous system as a
result vitamin A deficiency has been found. This would
imply disorder of the muscular system during vitamin A
deficiency rather than degeneration of motor nerve
fibres. The above changes as observed in the vitamin A
deficient rats in the present study clearly indicate the
effect of vitamin A depletion on the growth and
development of the animals.
The reduction in the growth rate during vitamin A
deficiency indicated a retardation of skeletal growth
because the size of the vitamin A deficient rats were
smaller. Deficiency of vitamin A is the only known means
of causing severe retardation of growth of soft tissue,
including nervous system (Wolbach, 1947, Wolbach and
Bessey, 1941). The equilibrium between bone formation and
resorption was disturbed in vitamin A deficient animals.
Vitamin A deficiency produced biochemical hyperthyroidism
(Morley et al., 1970) and hypothyroidism has been
reported as a result of extreme vitamin A deficient
calves, pigs and human (Frape et al., 1959; Morley et
al., 1981). But its effect on thyroid functions in rats
was contradictory. In the present study, skoliosis of
the spine was found in some of the vitamin deficient
rats. Mellanby (1950) attributed the skeletal changes
resulting from vitamin A deficiency solely to its effect
upon the function and activity of osteoclasts and
osteoblasts, e.g., abnormal distribution of osteoclasts
and osteoblasts which accounted for the greater
thickness of bones and alterations in contours. The
skoliosis of the spine which was observed in the
deficient rats indicated the acceleration of aging
processes in the animals.
In conclusion, vitamin A deficiency profoundly changed
the mechanical properties of the skin as well as the
responsiveness of a low threshold epidermal
mechanoreceptor, the s.a.I receptor. However, the
connection between these two phenomena may be only
coincidental. Pronounced age-related changes in skin
compliance had only little effect on the responsiveness
of touch corpuscles (see results on age-related changes).
In other studies reduced responsiveness coincided with
reduced rather than increased skin compliance for example
after chronic treatment with neomycin (see results on
chronic neomycin applications) and neonatal treatment
with capsaicin (Baumann et al., 1985a).
Ultrastructurally, vitamin A deficiency has profound
effects on the receptor itself. Several degenerative
changes particularly in the mitochondria of Merkel cells
and nerve terminals were typical for this condition and
have been reported (Cheng-Chew et al., 1985a). Chronic
vitamin A deficiency produced changes in the mechanical
properties of the dermis, epidermis and underlying
tissues similar to those observed between young and adult
rats. But only vitamin A deficiency affected the
responsiveness of s.a.I receptors to a larger extent.
Vitamin A deficiency also induced degenerative changes
particularly in Merkel cells (Cheng-Chew et al.,1985a;
Baumann et al., 1986b). This reduced responsiveness of
s.a.I receptors may have been caused by interference with
cellular mechanism rather than by changed force
transmission properties.
5) CHRONIC EXPOSURE TO INTRAMUSCULAR NEOMYCIN:
Structurally, Merkel cell-neurite complexes in the skin
and hair cell receptors in the inner ear have a number of
similarities. Neomycin is widely used as an antibiotic
in skin ointments. Neomycin has been shown to suppress
mechano-sensitive currents, i.e., the membrane
depolarization induced by mechanical stimulation of
isolated vestibular hair cells (Ohmori, 1985) and to
impair synaptic transmission at the neuromuscular
junction (Singh et al., 1978). The present investigation
was performed to find whether neomycin acts on s.a.I
receptors in a comparable fashion.
Three modes of action of neomycin need to be considered
in the discussion of the present results:
1) neomycin may interfere with the function of the sense
organ itself;
2) neomycin may impede conduction in the afferent nerve
fibre;
3) neomycin may affect the force transmission properties
of the skin.
The present results indicated that the responsiveness of
s.a.I receptors in rats was reduced after chronic
neomycin applications. The mean values for the first
response in trains of thirty stimuli were 211 impulses
for the control population and 204 impulses for the
neomycin treated group. Consecutive absolute mean values
of nervous responses decreased over the whole sequence of
stimuli in both control as well as the neomycin treated
animals. During stimulus no. 30 the mean nervous
responses were 43 and 56 impulses for the neomycin
treated and control animals. As mentioned above during
vitamin A deficiency there were significant reduction in
responsiveness of s.a.I receptors through out the train
of 30 repetitive stimuli. After the chronic injections
of neomycin, there were no significant differences in the
mean number of impulses from the s.a.I receptors between
the neomycin treated and control groups during the first
four stimuli, the responsiveness of the s.a.I receptors
were significantly reduced in the neomycin treated rats
from stimulus no. 5 onwards. The responsiveness of s.a.I
receptors in neomycin treated rats was reduced by up to
23% as compared to controls throughout the train of
stimuli. The results of the analysis of the interspike
interval distribution indicate no major impairment of
the spike generating process of the receptors, because
there were no significant differences in the distribution
of interspike intervals between the neomycin treated and
control rats during the dynamic phase, last 1 s of the
plateau phase and the full period of mechanical
stimulation. There were no specific shifts of the
interspike interval distribution at any particular range
of intervals after chronic application of neomycin. The
changes in responsiveness were accompanied by decreased
displacements needed to maintain a constant force of
stimulation Stroke amplitudes were about 20% lower in
neomycin treated animals than in controls throughout all
thirty stimuli.
Reduction of responsiveness in rats treated with neomycin
was only in the order of up to 23%. Daily doses of
neomycin administered (100 mgkg) to animals for 21 days
in the present experiment were large enough to cause
deafness in guinea pigs (Hawkins, 1976). However, one
important difference between hair cells and Merkel cells
in s.a.I receptors is that the hair cells are exposed to
endolymph in the inner ear. Neomycin levels in the
endolymph are not the same as plasma levels. They may
well exceed plasma levels. Stupp et al.(1966) have shown
that the aminoglycosides do enter the perilymph- and
endolymph and persist there longer than in the plasma.
Stupp (1970) found a gradual rise in aminoglycoside
concentration in the perilymph and endolymph after
parenteral administration and a slow clearance
afterwards. Measurable amounts remained in the inner ear'
fluids after the drug had disappeared from the plasma.
Prolonged exposure of inner ear tissue to higher
concentrations of these antibiotics is thought to account
for their apparently greater sensitivity' to the toxic
action and thus for the ototoxicity itself. No direct
relationship was found between the levels in plasma and
perilymph (Hawkins, 1976). In the present experiment, the
s.a.I receptors which were located at the epidermo-dermal
border were only subjected to neomycin at the
concentration of the substance in interstitial fluid,
which was assumed to be the same as in plasma. Thus, the
time weighted average concentration around the s.a.I
receptors was lower than that in the inner ear.
In man, after an intramuscular injection of neomycin the
peak concentration of neomycin in plasma is usually
reached after 30 to 90 minutes. A large fraction of the
injected dose is excreted unchanged during the first
24 hr. The half-lives of aminoglycosides in plasma are
between 2 to 3 hr. Due to the polar nature of the
aminoglycosides, the neomycin is largely excluded from
most cells including from the central nervous system and
from the eye. There is also negligible binding of
aminoglycosides to plasma albumin. The volume
distribution of the aminoglycosides is 25% of lean body,
weight and approximate the volume of extracellular fluid
(Barza, Brown, Shen, Gibaldi and Weinstein, 1975). The
concentration of aminoglycosides in secretion and tissues
are low. High concentrations can be found only in the
renal cortex and in the perilymph of the inner ear (Sande
and Mandall, 1985).
In the present study, the concentration of neomycin in
the plasma would have decreased to undetectably low
levels after one week or more when the
electrophysiological studies were carried out. In order
to raise the concentration of neomycin in the plasma,
higher doses of neomycin had been tested in rats. At a
dose of 200 or 300 mg kgday, more than half of the
treated rats died within the first 3 days of the course
of intramuscular injections. Thus, 100 mg neomycinkgday
was the highest dose which could be tested in a
meaningful way.
There are few possible ways of increasing the
concentration of neomycin to a similar level as in the
endolymph which can act on the s.a.I receptors: 1)
topical application of neomycin on the skin surface; but
the penetration rate of neomycin is quite slow through
the cell layers of epidermis. A vector substance will be
needed (eg. dimethylsulphoxide, DMSO) to facilitate the
absorption of the antibiotic, but side effects of the
vector substances must be taken into account; 2) close.
arterial injection of neomycin into a side branch of the
artery supplying the region. This can be used as an acute,
study only but hardly in chronic experiment.
In some acute experiments neomycin was found to compete
with Ca++ for membrane binding sites on the hair cells of
the acoustico-lateralis system that activate transduction
(Sand, 1975; Yanagisawa et al., 1977; Kroese and van den
Bercken, 1980; Yanagisawa, 1981). Iggo and Findla'ter V
(1984) postulated that a mechanical stimulus could alter
the membrane permeability of the epidermal surface of
Merkel cells leading to entry of Ca++ into the cell which
induced subsequent changes to initiate action potentials
in the afferent nerve fibre. Referring to the previous
discussion, Cooksey et al.(1984a) reported that in the
presence of Co++ or verapamil (Calcium antagonist), the
s.a.I receptors failed to respond to repetitive
mechanical stimuli within 12 minutes and a depletion in
number of granules in the Merkel cells was also observed.
In chronic studies, neomycin seemed to attack primarily
the organ of Corti of the apical coil of the cochlea.
Ylikoski (1974) suggested that animals must be allowed to
survive at least 3 weeks after treatment if correlative
studies between function and morphological changes were
to be made. Daily injections of aminoglycosides
%.
(100 mgkgday) for 2 weeks caused degeneration of
cochlear hair cells. The pattern of degeneration includes
nuclear swelling, decrease in ribosome content,
mitochondrial degeneration and at an advanced stage,
sensory hair degeneration (Wersaell et al.,1973;
Engstroem et al.,1966). In the present experiments,
electrophysiological studies were carried out between 1
week to 4 weeks after the last dose of 21 daily
injections of neomycin. The acute effects of neomycin are
well understood but the pathology of chronic application
is still not clear. The structural similarities of the
Merkel cell-neurite complexes and acoustico-lateralis
system justify the assumption that neomycin might affect
the s.a.I receptors in a similar way as in the sensory
hair cells.
The degree of impairment of the peripheral nerves
depended upon the concentration of neomycin and the
duration of treatment. In the present study, the
clearance of the injected neomycin through the kidney was
considered to be very fast, therefore the actual amount
of neomycin that could act on the s.a.I receptors was
expected to be low to cause any serious impairment. The
peripheral nerves was also unlikely to be impaired.
The force transmission properties of the skin -were
affected after chronic neomycin applications because the
values for maximal indentation during each individual
stimulus and the stroke amplitudes were all substantially
smaller in results from the neomycin treated population
than in the controls. That means proportionally smaller
displacements were needed in the neomycin treated animals
to produce same force of 20 mN than in the control rats.
Apparently neomycin treatment for 21 days had a hardening
effect on the skin when tested with• perpendicular
stimulation which is in contrast to the softening effect
of vitamin A deficiency. Although the changes in the
mechanical properties of the skin were very pronounced
they might be a parallel phenomenon rather than the cause
of the altered responsiveness of s.a.I receptors. As
mentioned in the chapters on age related changes there
were larger differences in the compliance of the skin
without consistent effect on the responsivness of s.a.I
receptors. Employing trains of constant force stimuli,
only occassional small differences in the nervous
responses for corresponding pairs of stimuli between
populations of young and old rats were obtained although
substantially (60-70%) higher displacements were needed
in younger rats to produce the same force. The age
related changes in skin compliance were of the same
degree at contact force of 0.5 mN as at a stimulation
force of 20 mN. Both neomycin treated and control rats
had similar residual indentation values which is in
contrast to the results from the studies on age and
vitamin A deficiency. After neomycin injections, the
increase in displacements was less pronounced in the low
force range than at 20 mN indicating a non-linear
increase in compliance of the skin and underlying
tissues. It is known that when placing a hard plate
directly beneath the s.a.I receptors, the responsiveness
could be increased (Iggo, unpublished). In the present
study a decrease in compliance (or hardening of the skin)
and a reduction in responsiveness of the s.a.I receptors
resulted after neomycin treatment. If there were no
change in the receptor itself, a decrease in compliance
would result in an increase in responsiveness of the
s.a.I receptors. From the results of the present study,
there was a reduction in responsiveness of the receptors.
It is unlikely that the changes in the force transmission
properties of the skin fully explain the change in
responsiveness of the s.a.I receptors after chronic
injections of neomycin. However, the actions of neomycin
on the growth of the skin are not known in detail.
The excretion of neomycin is known to be very fast. The
electrophysiological studies in the present experiment
were carried out earliest one week after the last
injection of neomycin. The concentration of neomycin in
the plasma at that time can be assumed to be below
detection limit. The conditions in this study were
quite different from those of the acute studies where
the target cells were having contact with a higher
concentration of neomycin. Any changes in
responsiveness of the s.a.I receptors during the'
recordings were expected to be the prolonged effect of
neomycin from the course of injections. In the present
study, the responsiveness of s.a.I receptors was reduced
after neomycin treatment. There might also be competition
between the binding of Ca++ and neomycin to the Merkel
cell membrane during the time course of injections. One
week after the last injection, plasma concentration of
neomycin would have fallen to undetectable levels. Thus,
at that time, a competition with Ca++ for membrane
binding sites is unlikely. Neomycin might trigger
alterations in cellular processes during its interaction
with the cellular membrane and cause long lasting changes
in the mitochondria resulting in suppression of cellular
respiration (Cheng-Chew et al., 1985b). This would
explain the reduced responsiveness of s.a.I receptors
after chronic neomycin injections though the
concentration was considered to be very low at the time
of electrophysiological studies. There were no
significant reductions in responsiveness of s.a.I
receptors during the first four stimuli but significant
reductions from stimulus no. 5 onwards, the possible
impairment of cellular respiration appears not to be
serious. In a recent study on cats, Baumann, Hamann and
Leung (1986c) found that close arterial infusion of
neomycin (12.5 mg in 5 min) could strongly suppress the
responsiveness of s.a.I receptors within minutes. There
were no alterations of stroke amplitudes to keep the
force of stimulation at 20 mN. Thus, a direct effect of
the antibiotic on the receptor appears to be the most
likely mode of action.
Neomycin has been applied topically to the rat skin with
touch domes with dimethylsulphoxide (DMSO) to facilitate
the transport into the skin. Cheng-Chew et al. (1985b)
found that after 8 to 38 minutes of exposure to the
neomycin (175 mgml), electron-dense material was found
extracellularly between epidermal cells as well as
attached to basal lamina of the epidermo-dermal junction.
Surrounding structures became highly vacuolized
suggesting a certain degree of damage. Intracellularly
electron-dense deposits were found particularly in the
mitochondria of epidermal cells including Merkel cells.
To a lesser extent, intracellular deposits were observed
after chronic injections (100 mgkgday for 3 weeks)
which was similar to the neomycin treatment employed for
the present study. They also found that neomycin if at
high concentrations suppressed cellular respiration. Thus
reduced responsiveness of s.a.I receptors is likely to
have been caused at least partly by interference with
cellular mechanism rather than by changed force
transmission properties only.
In conclusion, chronic neomycin injection caused
alterations of the mechanical properties of the skin as
well as the responsiveness of the s.a.I cutaneous',
mechanoreceptors though there were no difference in the
distribution of interspike intervals between the two
groups of animals. However, the relationship between
these two phenomena may be only coincidental. Pronounced
age-related changes in skin compliance had only little
effect on the responsiveness of s.a.I receptors.
6) HYPOTHYROIDISM;
The present experiment was designed to observe possible
effects of hypothyroidism on the compliance of skin and
responsiveness of s.a.I receptors. The responsiveness of
the s.a.I receptors was reduced after the methimazole
treatment for three months. The maximal indentations and
stroke amplitudes were also lowered in the hypothyroid
animals. The overall results were similar to those after
chronic injections of neomycin except that there were
significant differences in the residual indentations
between the hypothyroid and control rats. The changes in
the indentation values indicated the mechanical or force
transmission properties of the skin were changed. The
reduction in stroke amplitudes and responsiveness did not
follow the same time course. Thus, a solely mechanical
explanation for the reduced responsiveness of the s.a.I
receptors during hypothyroidism appears again unlikely.
Furthermore, hardening of the subcutaneous tissue should
rather result in increased nervous responses as discussed
in the chapter on age related changes. There were no
significant differences in the distribution of interspike.
intervals between the hypothyroid and control rats during
the dynamic phase, last second of the plateau phase and
the full period of the first stimulus. Thus, the spike
generating properties of the transducer seemed to be
unaffected.
Rats made hypothyroid by ingestion of methimazole (0.01%f
wv in drinking water for 30 days) demonstrated a
significant decrease in serum T4 level from 3.8 to
0.1 ugdl. (Mulholland, Quigley, Bonsack and Delaney,
1984). In the present study, a 0.5% methimazole solution
was used. The plasma levels of thyroxine were not
measured, but the effectiveness of methimazole to induce
hypothyroidism could be easily observed from the
retardation of weight gain as compared to the
corresponding control. Retarded growth rate was a
sensitive indicator of reduced thyroid function in rat
(Anniko and Rosenkvist, 1982, also see review by
Greenberg, Najjar and Blizzard, 1974). Lack of thyroid
hormone during postnatal life is accompanied by a
progressive fall in levels of pituitary and serum growth
hormone (GH) concentration (Peake et al., 1973; Hervas et
al. 1975, Geel and Timiras, 1970). The result is severe
retardation of growth and maturation of almost all organ
systems (Blizzard 1968; Eayrs, 1966). The present,
results showed that already after only one week of
methimazole treatment the mean body weight of the treated
rats was 69 g which was significantly below the control
value 93 g. After 15 weeks the mean body weight of the
hypothyroid rats was 208 g and of the control animals
497 g.
The reduction in the growth rate of the animals resulted
in a smaller size. This would indicate a decrease in
amount of subcutaneous fats and skin thickness. A
decrease in the thickness of the subcutaneous fats would
lead to a decrease in compliance of the skin. The
present experiment was designed to observed possible
effects of hypothyroidism on the compliance of skin and
responsiveness of s.a.I receptors.
In the present study the force transmission properties of
the skin were clearly affected during hypothyroidism.
Beginning with the first stimulus and for all subsequent
stimuli in trains of thirty, a proportionally smaller
displacement was needed in methimazole treated rats to
produce the same force of 20 mN than in control rats.
The values for maximal indentation during each individual
stimulus, residual indentation during the interstimulus
interval and stroke amplitude were all substantially
smaller in hypothyroid rats than in controls.
Accumulation of glycosaminoglycans- mostly hyaluronic
acid in interstitial tissues was the most common findings.
in man with hypothyroidism (Greenspan Rapoport, 1983).
The accumulation was not due to excessive synthesis but.
to decreased destruction of glycosaminoglycans. The
increase in interstitial aminoglycans might contribute to
the decrease in compliance of the skin of the hypothyroid
rats in the present study.
The present results obtained with constant force
stimulation of 20 mN indicated that the responsiveness of
s.a.I receptors in rats is reduced in hypothyroid rats.
The mean values of the first response in trains of thirty
stimuli were 215 impulses for the control population and
195 impulses for hypothyroid rats. Consecutive absolute
mean values of nervous responses decreased over the whole
sequence of stimuli of any force in both the controls as
well as the hypothyroid population. In generalf the drop
in responsiveness was most noticeable between the first
and second stimulus. The responsiveness of s.a.I
receptors during hypothyroidism was significantly lower
than the controls throughout the repetitive stimuli
except for the second and third stimuli.
The results of the analysis of interspike interval
distribution of the first stimulus indicated no major
impairment of the spike generating process of the
receptors because there were no significant differences
in the distribution of interspike intervals between the,
hypothyroid and control rats and there were no specific
shifts of the interspike interval distribution at any
particular range of intervals during hypothyroid state.
The changes in responsiveness were accompanied by
decreased displacements needed to maintain a constant
force stimulation of 20mN. Stroke amplitudes were about
15% smaller in hypothyroid rats than in controls
throughout all thirty stimuli. Reduction of
responsiveness in rats treated with methimazole was in
the order of 10 to 25%. The decreases in responsiveness
and stroke amplitudes did not follow the same time
course. Therefore, the reduced responsiveness during
hypothyroid state could not be explained by changes in
the force transmission properties of the skin alone.
Similarly reduced responsiveness was observed in the
inner hair cells of the hypothyroid animals. Deol (1973a,
b) performed histological studies of the cochlea of
hypothyroid mice with hearing loss. Abnormalities in the
organ of Corti including the malformation of hair
cells were formed. L-thyroxine administration prevented
the anatomical alterations in the organ of Corti as well
as the hearing loss. Unfortunately, there are no reports
on morphological or ultrastructural studies of s.a.I
receptors and the surrounding tissue which could assist
in the interpretation of the electrophysiological results
of this study.
It cannot be excluded that in the present study
responsiveness was affected by reduced nerve conduction,
velocity during hypothyroidism. Though the conduction
velocity of the small cutaneous nerves was not measured
in the present study. It has been shown that central and
peripheral nerve conduction were slowed in. hypothyroidism
(Crevasse and Logue, 1959? Abbott et al. 1983; Mastaglia
et al., 1978). Abbott et al., (1983) found that the
central and peripheral nerve conduction in hypothyroid
subjects improved during warming, but the warming failed
to improve electrical sensory thresholds in such
individuals. O'Malley et al. (1985) suggested that the
raised electrical sensory threshold during hypothyroidism
results from sensory end organ dysfunction, and was not
an indirect manifestation of slowed nerve conduction.
As mentioned in the beginning of this chapter although
being very pronounced, the changes in the mechanical
properties of the skin may be a parallel phenomenon
rather than the cause of the altered responsiveness of
s.a.I receptors. Similar to the results on age related
changes, there were large differences in the compliance
of the skin without consistent effect on the
responsiveness of s.a.I receptors. Employing trains of
constant force stimuli, there were only occasional small
differences in the nervous responses for corresponding
pairs of stimuli between populations of young and adult
rats although substantially (60-70%) higher displacements
were needed in younger rats to produce the same force.
The age related change in skin compliance was of the same
degree at contact force 0.5 mN and a stimulation force of
20 mN. Similarly, the decrease in displacements in
hypothyroid state was proportional at forces of 0.5 mN
and 20 mN indicating a linear decrease in compliance of
the skin and underlying tissues. Compared with the
results of the neomycin experiment, both the neomycin
treated and the hypothyroid rats showed reduction in the
maximal displacement and stroke amplitudes compared with
the respective controls. But the residual indentation
at contact force of 0.5 mN was significantly smaller in
hypothyroid animals than in the controls whereas in the
neomycin treatment did not affect the residual
indentation.
In the present experiment, stimulation force of 10 mN was
also employed. With stimulation force of 10 mN, there
were significant reductions in responsiveness during
stimulus no. 9, 11, 13-19, 21-22 and 24-30. As mentioned
above the major force of stimulation employed was 20 mN,
therefore only in a very small number of units which
stimulation forces lower than 20 mN were employed
resulting in larger standard deviations of the value
obtained with those stimulation forces.
In conclusion, the hypothyroid state profoundly changes
the mechanical properties of the skin as well as the
responsiveness of the low threshold cutaneous
mechanoreceptors, the s.a.I receptors. However, there
were no significant differences in the distribution of
interspike intervals between the hypothyroid and control
rats. In contrast, pronounced age-related changes in
skin compliance had only little effect on the
responsiveness of s.a.I receptors. Similar results were
obtained after chronic neomycin injections and neonatal
treatment with capsaicin (Baumann, Cervero, Hamann and
Leung, 1985a). Displacements required to maintain the
same force of stimulation were reduced. On the other
hand, during vitamin A deficiency an increase in
compliance of the skin and underlying tissues was found.
Thus, from the present experiment a solely mechanical
explanation for the reduced responsiveness of s.a.I
receptors during hypothyroidism seems to be insufficient.





In the present study various degenerative skin conditions
of changed compliance originating in the epidermis or
dermis were investigated. Some of those conditions
coincided with reduction of the responsiveness of s.a.I
receptors. No clear pattern emerged for the
interrelationship between compliance and responsiveness.
Morphological changes in the Merkel cell-neurite
complexes have been observed during vitamin A deficiency
and after neomycin application. It is therefore
concluded that direct effects on receptors themselves are
responsible for some of the observations.
In the series of preparatory experiments, the constant
force mode of mechanical stimulation was found to be more
effective to stimulate the s.a.I receptors during
repetitive stimulation than constant displacement mode.
The decrease in both force and effective deformation of
the skin during the repetitive stimuli employing constant
maximal displacement apparantly accounted for the lower,
effectiveness of such mode of stimulation. Therefore,
constant force repetitive mechanical stimulation was
selected as the mode of stimulation for the rest of the
studies.
The optimal force range which was most suitable for the
stimulation of s.a.I receptors under the experimental
conditions of the study was determined. A constant force
of 20 mN was found to produce near maximal nervous
responses of the s.a.I receptors. This force range was
considered optimal for pathophysiological studies in
which reduced responsiveness of the receptors was
expected. A high rate of discharge and minimal variation
in number of nervous impulses due to possible deviation
in the perpendicular positioning of the stimulation probe
were regarded as an advantage for the present studies.
Comparing the results obtained in rats aged 9-11 months
(adult) and 3-4 months (young) revealed a significant
reduction of the displacements required for the same
force of stimulation with age. However, these pronounced
differences in the mechanical parameters of stimulation'
were not matched by consistent differences in nervous
responses. The results are well in line with findings by
Verillo (1979), who reported unchanged sensitivity to low
frequency stimulation in elderly as compared with young
human subjects. The design of the s.a.I receptors appears
to maintain its responsiveness to force related stimuli-
in spite of marked age related changes in compliance of
the skin and underlying tissues.
So far the results were discussed as individual entities.
It seems that there were no direct relationship among the
effects of various pathological and degenerative skin
conditions on the s.a.I receptors. The experiments were
initiated at different periods of the study with
different models of producing pathological conditions of
the s.a.I receptors and their surrounding tissue. A study
of the general physiological effects of vitamin A
deficiency, neomycin applications and hypothyroidism
revealed similar and correlated actions on normal body
functions.
Vitamin A deficiency can affect the thyroid status.
Hypothyroidism has been reported to be a sign of vitamin
A deficiency of different degrees. During both vitamin A
deficiency and the hypothyroid state there were
reductions in responsiveness of s.a.I receptors. An
increase in compliance of the rat skin was observed in
the vitamin A deficient rats but a decrease was found in
hypothyroid rats. In the hypothyroid state, the changes
in responsiveness of s.a.I receptors and compliance of
the skin coincided with low plasma levels of thyroxine.
During vitamin A deficiency in addition to the lack of
vitamin A in plasma, a reduced responsiveness of s.a.I
receptors was also found with an expected low plasma
levels of thyroxine. That means either of the above
conditions could reduce the responsiveness of s.a.I
receptors. Alterations in the compliance of the skin
were of different directions. in addition to the
retarded growth of the rats in the hypothyroid state, the
results could be explained from the findings of the age
related study. The design of the s.a.I receptors allowed
them to maintain a high tactile sensitivity in response
to mechanical stimuli irrespective of age related changes
in mechanical properties of the skin and underlying
tissue. Therefore the reduction in responsiveness of
s.a.I receptors during vitamin A deficiency and
hypothyroid state could be chiefly due to the alterations
in the sensitivity of the s.a.I receptors.
Chronic applications of neomycin and methimazole
treatment result in two different pathological
conditions. But both have common actions like ototoxic
effects in the inner ear. Based on the structural
similarities between the inner hair cells of the
acoustico-lateralis system and the Merkel cell-neurite
complexes, similar pathological effects of chronic
applications of neomycin and methimazole were expected on
the s.a.I receptors. The approaches were quite different
as in the neomycin study where a direct interaction of
the antibiotic with the Merkel cell was expected. In the
hypothyroid study an interference of the growth and
development of the Merkel cell-neurite complexes which
was parallel with the retarded growth of the whole
animal. The results indicated that reduced
responsiveness of s.a.I receptors and compliance of the
skin were observed under both conditions.
From the above studies, vitamin A and thyroid hormones
appeared to be involved in the maintenance of the normal
stimulus-response characteristics of the s.a.I receptors.
Since the receptors are located at the epidermo-dermal
border the structural organization of the cutaneous and
subcutaneous tissue which is influenced by the vitamin A
and thyroid hormone during growth period must not be
overlooked. The chronic effects of neomycin on the s.a.I
receptors could not be solely explained by the results of
close arterial injection of neomycin (i.e. acute effect).
The initial action of neomycin was an electrostatic
interaction (i.e. plugging) with the plasma membrane.
The resulting displacement of calcium accounted for its
acute effect but such action was reversible and
antagonized by divalent cations. During chronic
applications of neomycin, the entry of the antibiotic
into the s.a.I receptors was expected to cause long term
cellular changes. Such actions of neomycin have been
suggested by Schacht (1986) in a recent study. Although
there was no direct evidence for the uptake of the
neomycin into the cells, this hypothesis would offer an
alternative for the interpretation of the results.
SECTION VI
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